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INTRODUCTION TO ARTERIAL ACID BASE STATUS AND THE CONTROL OF BREATHING 
1.1. Η homeostasis 
Homeostasis of the internal environment of an individual is a pre­
requisite to function properly and to survive. One of the most precisely 
regulated constituents of body fluids is the hydrogen ion. Changing the 
concentration of this cation - in physiological terminology: disturbing 
the acid base status - has far reaching functional consequences: The 
action of enzymes is interfered with, the concentrations of numerous 
ions are changed and all membrane-coupled processes are disturbed. 
The main product of human metabolism is carbon dioxide (CO.) which, 
catalyzed by carbonic anhydrase in the erythrocytes and in the lung 
capillary endothelium, is hydrated to carbonic acid (H CO,). At physiol­
ogical blood pH, i.e. at a pH of 7.4, Η CO, partly di^ocj =itp<3, yield­
ing Η and HCO ions. Normal sedentary adults produce about 13,000 mmol 
CO. per day, which is equivalent to 13,000 mEq H ions via this pathway. 
In addition, an average of 50-100 mmol Η ions per dav is formed by oxi­
dation of proteins (yielding sulfates and phosphates mainly) and phos­
pholipids (yielding phosphates). 
Obviously, this impressive acid production by the metabolism demands 
a buffer system to neutralize the acids and/or excretion mechanisms to 
eliminate them. Disturbances in the acid base balance are corrected by 
three distinct buffer systems, which are operating with increasing time 
constants. 
The first correction occurs by physicochemical buffering by buffers 
present in blood (H CO /HCO,, haemoglobin, organic phosphates and proteins 
(mainly albumin)), extracellular fluids (Η,CO /HCO,, proteins and phos­
phates) and within cells (H CO,/HCO , proteins, (in)organic phosphates). 
The second mechanism by which the body manages to regulate its 
acid base status within narrow limits, is the lung ventilation. In normal 
conditions the lungs easily eliminate CO_ from the body as fast as it is 
produced, and in exercise up to 10 times as much as in resting conditions. 
The third mechanism which serves the Η homeostasis is kept up by 
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the kidneys, by their ability to excrete Η , to reabsorb and to re­
generate HCO , and whenever necessary to excrete NH . The amount of H 
eliminated via the kidney is far less than that by the lungs: 50-100 
mmol/day. 
The control of the lung ventilation in its function to regulate 
arterial acid base status is the subject of this thesis. 
1.2. Carbonio acid/biaarbonate buffer 
The lung is a gas exchanger, and therefore ventilation determines 
Ρ „ and Ρ . CO. is hydrated to carbonic acid, which in turn dis-
a,02 a,CO 2
 1 
sociates. H O + CO t Н2 С Оз +• н + н с оз · 
The mixture CO?, Η CO /HCO" is a buffer. The pH of a buffer is determin­
ed by the ratio of its dissociated and undissociated constituents. In 
general, a weak acid HA partly dissociates according to- HA J Η + A . 
The pH of such a buffer is given by: pH = pK + ί ; = pK + log 4 -A-
This formula is called the Henderson-Hasselbalch equation. 
Applied to the carbonic acid/bicarbonate buffer this means : 
pH = pK + log f ^ •• , in which К is the true equilibrium constant of the 
dissociation equilibrium Η CO î Η + HCO,. The equilibrium CO + H O 5 
H„CO is such, that only about 2% of the CO is converted to Η CO,. The 
pH formula of the CO , carbonic acid/bicarbonate mixture can be rewritten 
to: pH = pK' + log ί ì' , in which К' refers to the first apparent equi­
librium constant of the overall reaction (see above), and which contains 
the water concentration (55.4 Μ), and the equilibrium constants of both the 
dissociation and the (de)hydration equilibria. At 37 C, pK' equals 6.1, so 
that in biological solutions carbonic acid behaves as a very weak acid. 
[C0„] , according to Henrv's law equals S-F
rr
. » in which S = the solubil-
-1 -1 2 
ity coefficient (in mmol.l .kPa ) and Ρ = partial CO. pressure (in 
kPa) in the gas in equilibrium with the CO ,H COj/HCO solution. The pH 
of the CO.,H.CO,/HCO~ buffer thus becomes: pH = 6.1 + log .l ДІ . 
¿ ¿ J J U.zJ PcOn 
The carbonic acid/bicarbonate buffer is considered as an index of 
arterial acid base status. The components can be determined easily. 
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1.3. Respiratory and metabolic acid base disturbances 
According to the classical view, the H CO /HCO~ buffer restores the pH 
towards normal when the concentrations of buffer acid or base are changed.The 
cause of the primary acid base change is not attacked by the compensatory 
process. An acidosis is defined either as a surplus of the acid component 
of the carbonic acid/bicarbonate buffer, or as a deficit in conjugate base, 
or both. The converse definition holds for an alkalosis. 
Since the acid component (CO /H CO.) of the buffer is controlled by 
lung ventilation, an excess or deficit of C0„ by hypo- or hyperventilation 
is called a respiratory acidosis or alkalosis respectively. Because the 
buffer base is determined by metabolism and bv the kidney, excesses or 
deficits in standard bicarbonate are called metabolic (or nott-respiratory) 
alkalosis and acidosis respectively. In many clinical situations both 
types of acid base disturbances coexist: for example in an individual suf­
fering fron a primary respiratory acidosis, a compensatory metabolic al­
kalosis is present. So, although arterial r>H might be almost normal in 
this individual, his situation is still pathological because his arterial 
CO, and HCO concentrations deviate from normal. 
1.4. The ventilatory control system 
The unceasing delivery of oxygen to the tissues and elimination of 
CO. is possible by the coordinated activities of the respiratory and cir­
culatory systems. 
Ventilation of the alveolar air is accomplished by rhythmitically 
mixing it with a quantity of outside air. The respiratory control system 
has an inherent rhythmic activity which, modified by many correcting fac­
tors, leads to the rhythmic ventilation of the lungs. 
The regulation of the cyclic breathing pattern is verv complicated 
(for reviews: Berger et al., 1977; Cohen, 1979). In fig. 1 the intercon­
nections between the main constituents of the ventilatory control system 
are drawn schematically. 
The partial gas pressures of carbon dioxide and oxygen in the ar­
terial blood (τ and Ρ ), together with arterial blood pH (pH ), 
a,CO_ a,0. a 
plav a key role in the control process, because they act as input signals 
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Figure 1. Simplified diagram of the ventilatory control system. 
CDfj = neural equivalent of total chemical drive 
^Τ,Ν
 =
 neural eguivalent of the tidal volume 
f = respiratory frequency 
V = minute ventilation 
СВГ = cerebral blood flow 
ECF = extracellular fluid 
CSF = cerebrospinal fluid 
BBB = blood brain barrier 
BLB = blood liquor barrier 
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to the oontroZting system, i.e. the central respiratory neural network 
located in the brain stem. 
The Oeripheval chemosensors, located at the carotid bifurcations 
(the carotid bodies) and near the aortic arch (the aortic bodies), sense 
Ρ
 Λ
 , Ρ and pH . A decrease in Ρ , an increase in Ρ „ and a 
a,02 a,C02 ^ a a.o' a,CO 
decrease xn pH lead to an increase in afferent input to the controller 
via the aortic nerves and the carotid sinus nerves. 
The central ohemosensors, located superficially at the ventrolateral 
surface of the medulla oblongata, only would sense the pH of the fluid sur­
rounding them, the extracellular fluid (ecf) (Pappenheimer et al., 1965; 
Fencl et al., 1966; Loeschcke, 1973). A fall in ecf DH leads to an in­
creased chemoreceptor output, the reverse being the case with a rise in 
ecf pH. 
The neural equivalent of the total chemical drive (CD ) is fed into 
the controller. Increasing this input enhances the output of the control­
ler (minute ventilation). In this way, changes in acid base status sensed 
by the chemosensors are corrected. 
Apart from the chemical drive, the respiratory center receives many 
other, unspecific and specific input signals (arrows in fig. 1). An im­
portant example of the latter is given by the afferent inout from the 
nulmonary stretch receptors, which is fed to the controller via the vagal 
nerve, and which plays a role in the inspiratory to expiratory phase 
switch (Bradley et al., 1975). 
The output of the controller results in the respiratory minute volume 
V, which can be calculated from the tidal volume V and the respiratory 
-1 frequency f : V = V χ f (in l.min ). The controller output is transmitted, 
via the spinal cord, to the effectors of the control system, the respi­
ratory muscles. The lung ventilation determines Ρ and Ρ and in­
ai co_ a,o_ 
directly influences pH . In healthy individuals, a well controlled gas 
exchange in the lungs at sea level results in a mean Ρ of about 13 
а,о 
kPa and a mean Ρ of about 5.3 kPa. 
a,C02 
In this thesis, emohasis will be on the role of the peripheral and 
central chemoreceptors in the restoration - by means of ventilatory adap­
tations - of changes in arterial acid base status. 
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1.5. Mechanism of the ventilatory response follouing arterial acid base changes 
1.5.1. Respiratory response to Ρ changes. 
In normoxia, a large part of the ventilatory response to an increase 
in Ρ is mediated via the central chemosensors. The oenpheral chemo-
a,C02 
sensor contribution to hvpercapnic hyperpnea in normoxic man has been es­
timated to be 12 to even 50% (Gelfand and Lambertsen, 1973: 12-41%; 
Bellville et al., 1979: 34%; Swanson and Bellville, 1975: 50%; Edelman et 
al., 1973: 33-50%). In normoxic dogs an arterial chemosensor contribution 
of 18% (Berger et al., 1973), and in cats of 13-20% (Van Beek et al., 1983) 
has been reported. Hypoxia increases the relative contribution of the pe­
ripheral chemosensors (Swanson and Bellville, 1975, Van Beek et al., 1983). 
1.5.2. Respiratory response to pH changes. 
The mechanism of ventilatorv compensation of metabolic acid base dis­
turbances as yet is far from clear (for a review: Dempsey and Forster, 
1982). There are two main theories about the relative contributions of the 
peripheral and central chemosensors· 
1) According to Mitchell (1966), ventilatory adaptations to acute metabol­
ic acid base perturbations are entirely mediated via the carotid bodies. 
Since changes in [HCO.,] would not be reflected in cerebrospinal fluid (CSF) 
- due to a postulated impermeability of the blood brain barrier to HCO 
ions - the central ecf pH would change m opposite direction compared with 
plasma pH, because of the local Ρ changes associated with the changes 
m ventilation. Thus in case of metabolic acidosis, csf pH would increase 
paradoxically, while during alkalosis a decrease would be measurable. 
Paradoxical csf pH changes indeed are reported by many authors. These csf 
pH changes persist until the bicarbonate concentration in csf is changed 
by adaptive mechanisms. Thus in the transient phase of the metabolic acid 
base disturbance, the paradoxical csf pH changes would oppose, via the 
central chemosensors, the ventilatory chanaes mediated by the carotid 
bodies. According to the Mitchell theory, at all stages of the pH dis­
turbance, changes in ventilatory outout would be determined by the alge­
braic sum of the inout changes from both chemosensor cateaones. 
2) Pappenheimer and coworkers (Paopenheimer et al., 1965; Fencl et al., 
1966; 1969) have proposed another mechanism. According to their view, 
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pH disturbances rapidly penetrate into the brain ecf surrounding the 
central chemosensors. These receptors then immediately adapt their out­
put, which would lead to fast ventilatory adaptations. The resulting 
Ρ changes would help to restore the ecf pH disturbances rapidly. 
The authors treated csf and ecf as different fluids with different dy­
namic pH responses to pH perturbations. Therefore, the initial paradox­
ical csf pH changes - which were also reported by Pappenheimer et al. -
are not in conflict with this theory. According to these authors the 
peripheral chemosensors would play no significant role in the ventilatory 
adaptations. They assign the entire response to the central chemosensors. 
In relation to this, it is important to note that the authors claimed 
that the central chemosensors are uniquely sensitive to ecf pH changes, 
and that they are located somewhere along the concentration gradient of 
bicarbonate between large cavity csf and brain capillarv plasma. The pH 
changes at this specific location would account for the observed venti­
latory changes during (metabolic) acid base disturbances. 
Obviously, both theories are in conflict: 
1. They do not agree about the relative importances of both chemosensor 
categories; 
2. They propose conflicting views as to the extent to which pH changes 
penetrate in the central chemoreceptor environment. 
1.5.3. Discrepant results and views. 
Why do different authors report such different results and express 
such divergent views? This holds for the respiratory response mechanisms 
to both Ρ and DH changes. 
a,CO - a 
Undoubtedly, different experimental approaches and analyzing tech­
niques contribute to the discrepancies. To be able to reliably assess the 
contribution of both chemosensor categories to the transient and steady 
state ventilatory adaptations to changes in Ρ and/or pH , one should 
have insight in the following factors: 
1. The characteristics of both the peripheral and central chemosensors. 
This refers to their specific sensitivities to chemical changes in 
their environments, as well as to their input-output dynamics; 
2. The dynamic changes which occur in the chemosensor environments fol­
lowing arterial respiratory and metabolic acid base disturbances (in 
case of the central chemosensors: in an intact plasma-ecf-csf relation); 
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3. Characteristics of the central neuronal network. This refers to the 
input-output dvnamics of the controlling system when considering the 
afferent inputs from the peripheral and central chemosensors respec­
tively. Thus, different peripheral and central time constants could be 
distinguished which would be reflected in the compensatory dynamic ven­
tilatory response patterns. In addition one should have insight in the 
way the afferent input from both chemosensor categories is processed by 
the respiratory neurons. For example, it would be highly relevant to know 
whether both afferent inputs are partially occluded centrally, whether 
there is a central multiplicative interaction, or whether both inputs 
are simply summated algebraically. Experimental evidence exists for all 
three possibilities. 
These three issues have engaged many respiratory physiologists for a 
considerable time. Unfortunately however, as yet many points are unresolv­
ed. In this thesis, some characteristics of the peripheral and central 
chemosensor mechanisms (and their central processing) in close connection 
with the above-mentioned factors, will be the subject of investigation. 
Before explaining the aims of the present investigation, it would be con­
venient to give a short survey of some known important features of both 
the peripheral and central chemosensors. In addition some important issues 
which are still under debate will be mentioned briefly. 
1.6. The peripheral chemosensors 
The aortic chemosensors play a minor role in ventilatory control, 
at least m euoxic, eucapnic and hypercapnic situations (Fitzgerald et 
al., 1982; Lahiri et al., 1979; 1981). Therefore, only the sensors of . 
the carotid bodies will be considered. 
The carotid bodies, located bilaterally at the carotid bifurcations, 
anatomically and physiologically are complicated structures (review: 
Biscoe, 1971). They sense Ρ , Ρ and pH . The afferent chemosensory 
a, L)_ a,LU_ a 
information is transmitted to brainstem areas via the carotid sinus nerves 
(CSN) as branches of the glossopharyngeal nerves. Ρ and Ρ show 
a,0„ a,CO-
multiplicative interaction at the carotid sinus nerve (CSN) output level. 
The slope of the carotid bodv CO- response curve increases with decreasing 
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P (Hornbeìn, 1968; Fitzgerald and Parks, 1971). Conversely, the sen-
a #0 
sitivity to changes in Ρ „ increases with increasing Ρ . 
a,02 a,C02 
The steady state effect of Ρ on the CSN discharge frequency 
a,C02 
probably is due to the concomitant pH changes (Hornbein, 1968; Donnely 
et al., 1982). However, the carotid bodies possess a greater dynamic sen­
sitivity to Ρ changes than to pH changes (Band et al., 1970; 1978). 
a, co a 
There is evidence that they respond to the rate of change of Ρ (Black 
a ,co„ 
et al., 1971). This rate sensitivity particularly refers to an increase, 
rather than to a decrease in Ρ 
a,C02 
The discharge pattern of the chemosensory afferent fibers is oscil­
latory. There is ample evidence that the respiratory fluctuations of 
Ρ „„ , rather than those of Ρ are responsible for this discharge 
a,C02 a,0 
pattern (Fitzgerald et al., 1969; Gehrig and Moore, 1973). 
The stimulus of the peripheral chemosensors at the receptor level is 
not known. Presumably, the neurotransmitters dopamine and acetylcholine 
are involved (Eyzaguirre and Zapata, 1968; Zapata and Zuazo, 1981). In 
this respect, however, considerable species differences have to be taken 
into account (Monti-Block and Eyzaguirre, 1980). 
The central processing of afferent input via the CSN, exhibits a 
'peripheral' time constant τ which, in cats, was estimated by Vis and 
Folgering (19Э1) to be 39 seconds, and by De Goede and Berkenbosch 5 s 
(personal communication). This is the time constant of the peripheral chemo-
reflex loop; it contains speed of response of peripheral chemosensors, 
speed of central processing and smearing of CO- signal from lung to 
peripheral chemosensors. In humans, Swanson and Bellville (1975) found a 
τ of about 18 seconds, Gelfand and Lambertsen (1973) of 5 seconds. Berger 
et al. (1973) found 4 seconds in dogs. 
1.7. The centval ahemosensovs 
Ample evidence (mainly in cats) indicates that three distinct areas 
of the ventrolateral surface of the medulla oblongata, contain beneath 
their surface high concentrations of neurones which are sensitive to [H ] 
changes in their environment (see fig. 2) ÎTrouth et al., 1973a and b; 
review: Bledsoe and Hornbein, 1981). The depth of these central chemo-
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Fiqure 2. Overview of the ventral surface of the medulla oblongata of a 
cat. V-XII: cranial nerve roots. The areas denoted by M, S and L are 
the three chemosensitive areas. M, S and L refer to the investigators 
who discovered these areas: Mitchell, Schlaefke and Loeschcke. 
sensory structures, i.e. their distance to the local csf, would vary be­
tween 0 and 450 μπι. 
In his pioneer experiments in dogs, Leusen (1954) showed that varying 
the [H ] in csf influences ventilation. Since then, numerous studies have 
confirmed the profound effects of csf H ion concentration changes on ven­
tilation (review: Leusen, 1972). However, the central chemosensors are 
located within the brain tissue and, therefore, their immediate environ­
ment is the extracellular fluid (ecf). Most authors agree that the H ion 
in medullary ecf acts as the sole chemosensory stimulus. The main evidence 
for this concept emanates from experiments of Pappenheimer and coworkers 
(Pappenheimer et al., 1965,- Fencl et al., 1966; 1969) and from Loeschcke's 
group (Berndt et al., 1972a; 1972b; Loeschcke, 1973). However, this 
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starting point, as yet, has not resulted in a definite identification of 
the central chemosensors. Essentially this means that it is equally im-
possible to measure their actual stimulus. This problem is complicated 
by the difficulty to measure directly and continuously the chemical com-
position of medullary ecf. Therefore, the afore-mentioned authors applied 
ventriculooisternal perfusion or superfusion of the ventral medullary sur-
face, in order to estimate the ecf composition at any location along the 
pathway between csf and plasma. 
By artificially changing the acid base status of the csf and the 
underlying ecf, Pappenheimer et al., Berndt et al., and also Berkenbosch 
et al. (1978), found different functional and anatomical locations of the 
central chemosensors, i.e. locations where the best linear correlations 
existed between the calculated ecf and ventilation. Functional location 
of the central chemosensors refers to their relative distance between csf 
and plasma. Their anatomical location refers to their distance from the 
macroscopic, irregularly folded surface of the medulla oblongata. 
The common failure to identify the central chemosensors while con-
sidering the H ion as the unique stimulus, does not necessarily mean that 
this concept is incorrect. It might be due to inherent difficulties of the 
ventriculocisternal perfusion technique, which render interpretation of 
the data impossible. These problems particularly concern the bicarbonate 
concentration in freshly secreted csf, which is an essential element in 
the ecf pH calculations (Bledsoe et al-, 1983; see also chapter VI). In 
addition, the role of the brain capillary endothelium (blood brain barrier) 
in regulating the chemical composition of the chemoreceptor ecf is not 
clear. Chapter V of this thesis addresses this question. 
Apart from accepting these interpretation problems, a critical ap-
proach of all the available data requires that one also considers other.pos-
sibilities for the real chemosensor stimulus. In particular, a possible 
idont^tv oF the 'intraoellular pH (pH.) as the chemosensor stimulus as yet 
has not been investigated thoroughly. An action of molecular C0_ on the 
chemosensitive membrane also can not be excluded. Recently, Fukuda (1983) 
reported in vitro results which could indicate that CO and HCO act in-
dependently on neurones in tissue slices from the rat ventral medulla 
oblongata. 
In chapter IV and V of this thesis results will be presented which 
strongly argue in favour of a search for (an)other adequate central chemo-
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sensor stimulus (stimuli) than the ecf H ion. 
Analogous to the peripheral time constant, the overall central· time 
constant contains both the speed of response of the central chemosensors 
and of central processing, and smearing of the CO.. signal from lung to 
ventrolateral medulla. This will be subject of investigation in chapter 
III. 
1.8. Outline of this thesis 
The general aim of the investigations presented in this thesis was 
to study the mechanisms by which the ventilatory control system responds 
to changes in arterial acid base status. All experiments were done in 
cats. The rhythmic character of breathing causes Ρ „ and Ρ to fluc-
a,02 a,C02 
tuate synchronously with respiration ('respiratory blood gas oscillations'). 
The amplitude of these breath by breath oscillations in blood acid base 
status - also pH oscillates with breathing - depends on the respiratory 
frequency and the tidal volume. The oscillations are sensed by the pe­
ripheral chemosensors: the afferent fibers of the carotid sinus nerve ex­
hibit an oscillatory discharge pattern, which disappears when the blood 
gas oscillations are extinguished. 
In chapter II it will be investigated whether these arterial blood 
gas oscillations, by their phase relationship to the central neural res­
piratory cycle, could contribute to ventilatory control. 
The aim of the investigations of chapter III was two-fold-
1. to measure the dynamic response of medullary ecf pH after step changes 
in Ρ , and to determine the time constant of this response; 
ET ,CO 
2. to measure this ecf pH response, together with the associated change 
in ventilatory output (c.q. phrenic nerve activity) in peripherally 
chemodenervated animals. In this way, by using a central chemosensor 
input, we would be able to assess the dynamics of a centrally elicited 
ventilatory response ('central time constant'). 
Medullary ecf pH in the experiments of chapter III was measured by means 
of a glass electrode with a flat pH sensitive surface which was balanced 
on the exposed surface of the ventral medulla. In this way pH changes 
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which primarily occur m nedullary ecf are measured, rather than those in 
csf. 
This technique was also used in chapters IV and V. The purpose of 
chapter IV was to compare ventilatory responses elicited, respectively, by 
respiratory (via Ρ ) and metabolically (via pH ) induced medullary ecf 
a, CO a 
pH changes. This would yield important information about the physiological 
stimulus of the central chemosensors. The experiments were also carried 
out in peripherally chemodenervated animals. 
Chapter V finallv describes and compares the responses, respectively, 
of ecf and csf pH (together with the ventilatory responses) after metabol­
ically induced pH changes. In addition, the integrity of the blood brain 
barrier was tested. With the experiments presented in this chapter (and 
also those of chapter IV) we hoped to obtain some insight into the mecha­
nism by which ecf and csf pH change in the same direction as does plasma 
pH, when this latter is disturbed metabolically. In this way we should 
also be able to assess the central chemosensor role in the ventilatory 
compensation of metabolic arterial acid base perturbations. 
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C H A P T E R II 
THE EFFECT OF TriE PHASE RELATIONSHIP BETWEEN THE ARTERIAL BLOOD GAS 
OSCILLATIONS AND CENTRAL NEURAL RESPIRATORY ACTIVITY ON PHRENIC 
MOTONEURONE OUTPUT IN CATS (L.J.Teppema, P.W.J.A.Barts, J.Α.M.Evers) 
INTRODUCTION 
The effectiveness of stimulation of the carotid body, or electrical 
stimulation of tne carotid oinus nerves (CSN) depends on their timing witn-
in the respirator/ cycle. Thib central gating of CSN input has been de­
monstrated m man (Goode et al., 1969; Cunningham, 1975; tjard et al., 1J79), 
in cats (riotfard et al., 1969; Band et al., 1970; Black and Torrance, 1971; 
Eldridge, 1972a, 197 2 D ) , and in dogs (Bernards and Sistermans, 1969). It 
is also widely accepted that Ρ , pH and Ρ snow respirator/ fluc-
a,0_ SÌ a, CO 
tuations (Honda and Ueda, 1961; purves, 1966; Band et al., 1969; Lewis 
et al., 1980) and that the carotid bodies respond fast enough to translate 
these into oscillations m their afferent nerve discharge (Biscoe and 
Purves, 1967; Fitzgerald et al., 1969; Black et al., 1971; Goodman et al., 
1974; Band and .tolf, 1978; Band et al., 1978). Yamamoto and Edwards (1960) 
were the first to suggest that the arterial Dlood gas oscillations might 
contain an additional ventilatory stimulus, independent of the mean blood 
gas values. Several authors have investigated whether ventilatory output, 
breath by breath, is influenced by the phase relationship between the os-
cillating Ρ (or CSN discharge) and the ongoing respiratory cycle. 
a,C02 
Black and Torrance (1971) found that m vagotomized normoxic and hypoxic 
cats the impulse frequency in the phrenic nerve varies with the phase of 
the pump cycle in which the burst starts, especially at low breathing 
frequencies. In vagotomized dogs the phrenic motoneurone output (pre­
dominantly Τ ) is influenced by its phase relationship to the respiratory 
ph oscillations (Cross et al., 1979). The extra ventilation by breathing 
through an added dead space (tube breathing) has been suggested in man 
(Goode et al., 1969; Cunningham et al., 1973), as well as in cats (Marsh 
and Nye, 1982), to be dependent on the exact timing of the blood gas os­
cillations within the respiratory cycle. The same holds for the alter­
nation of inspiratory (V ,T ) and expiratory (V ,T ) variables, whicn 
-IB-
can be invoked by alternating the time profile of Ρ (in man: rfard 
et al., 1979; Metías et al., 1981; in cats: Wolf and Pierson, 1978). 
Among the authors cited there is general agreement as to their finding 
that the ventilatory effects of tube breathing and Ρ alternation 
are prominent only in hypoxia. 
Although in certain physiological conditions the attractive timing 
model of Cunningham (1975) might be important, as yet the relative con­
tribution of the timing mechanism to overall ventilatory control during 
rest is unclear. This could be due m part to the fact that the operation 
of the timing mechanism is difficult to prove. Apart from the phase re­
lationship to the respiratory cycle, a role of the Ρ oscillations 
in ventilatory control could also exist in an effect of their slope and 
amplitude. Probably these three aspects, timing, rate of change and 
amplitude work together in a subtle way, complicating the experiments 
designed to unveil the physiological role of the blood gas oscillations. 
In addition, a certain minimal central state of excitation might be 
necessary for the oscillations to become effective. 
Apart from a possible influence of the timing mechanism, several 
studies have shown that the rising slope of the enlarged Ρ oscil-
a, CO« 
lations could act as a control signal in exercise (Band et al., 1980; 
Cross et al., 1982; Phillipson et al., 1981; Saunders, 1980). 
An effect of the Ρ „ oscillation amplitude could not be demon-
a,02 ^ 
strated by Folgering et al. (1978). Hornbein (1965), and Fenner and 
Berndt (1970) found the same ventilatory output, no matter whether the 
oscillations were present or not. This was not confirmed by Dutton et al. 
(1968) in dogs. These authors found that an oscillating Ρ gave rise 
a ,CO_ 
to a higher ventilation than a non-oscillating Ρ with the same mean 
a ,CO 
level. 
The present experiments were designed to investigate in ventilated 
vagotomized cats the importance of the timing mechanism in determining 
phrenic motoneurone output during normoxia and hypoxia. The phase re­
lationship φ points to the relative timing of the peak of the integrated 
phrenic nerve signal within the periods of the continuously measured 
Ρ oscillations. In a similar way as Cross et al. (1979), we perform-
a ,Oo 
ed two kinds of experiments on paralyzed, vagotomized and ventilated 
cats: 1) closed-loop experiments in which, with an adjustable delay, the 
ventilator was triggered by the phrenic nerve signal, and 2) open-loop 
-19-
experiments in which the pump frequency was set independently of the 
cat's own breathing frequency. In order to study the occurrence of phase 
lock phenomena, i.e. whether the cat's breathing frequency could be in­
fluenced by the pump frequency, we chose a large range of ventilator fre­
quencies in the open-loop experiments. Changing the pump frequency at 
constant inflation volumes and at constant Ρ _ should also give us 
ET, CO 
an impression of a possible connection between the phase relationship 
and the oscillation amplitude. As discussed by Saunders (1980), the slope 
of the oscillations would not change much by such an experimental pro­
cedure (provided V remains constant). The comparisons within cats be-
2 
tween the closed-loop and open-loop experiments were made at the same 
constant P„„ _„ . In nine cats we examined the effect of carotid body 
ET,CO J 
denervation on the results. 
METHODS 
Animals, instruments 
15 cats of either sex, weight 2.17 + 0.3 kg (mean +_ SD) were sedated 
with ketamine-HCl (25 mg, i.m.) and anesthetized with 1.5-2 ml chloralose-
urethane (50 and 250 mg/ml, respectively). Atropine (0.5 mg, s.с.) was 
given. The left femoral artery and vein were cannulated for systemic blood 
pressure monitoring and i.v. drug infusion respectively. Ampicillin (250 
mg in saline, i.v.) was given to suppress infectious reactions. 
To check the acid-base status of the animal, arterial blood samples were 
analyzed regularly (IL 413) . The trachea was cannulated below the larynx. 
Both vagi were cut. The right phrenic nerve was dissected and cut; the 
recorded efferent nerve signal was amplified, rectified and integrated 
over 40 ms periods. Integrated phrenic nerve activity was considered as 
the neural tidal volume equivalent. When necessary, both carotid sinus 
nerves were cut at their junctions with the glossopharyngeal nerves. 
Ρ was measured continuously with a fast responding miniature cathe-
a ,0-
ther oxygen electrode (outer diameter 1.2 mm), manufactured in our lab­
oratory (Kimmich et al., 1975). The electrode was inserted into the right 
femoral artery and abdominal aorta and located just below the aortic arch. 
After insertion, the electrode was calibrated in vivo by analyzing ar­
terial blood samples at three different Ρ levels. The cats were 
a,o„ 
-20-
paralyzed (pancuronium bromide θ ug/min) and ventilated with a closed 
respiratory circuit in which P„„ „ and Ρ could be maintained in-
r E T
'
02 ET,C02 
dependently at a desired level (Smolders et al., 1977). Rectal temper-
o 
ature was kept at З С by means of a heating pad. 
Ехреггтепіаі procedure 
Two experimental protocols were followed: 
1) Open-loop experiments. 
The cats were ventilated independently of their phrenic nerve activ­
ity. This resulted in time varying phase relations. Within the same cats, 
?__
 n
 and Ρ were kept at the same level as during the closed-loop 
ETfO_ ETfCO_ 
experiments. Ρ was kept about 1.5-2% above the apneic threshold 
ET f CO_ 
level in both protocols. This means that F depended on the pump 
frequency, i.e. the higher the frequency the larger the inspiratory CO 
fraction. On the average, the ventilator frequency (denoted by VF in 
tables 1 and 2) ranged from 0.5 to about twice the cat's own breathing 
frequency. Ρ and Ρ were measured breath by breath. At the dif-
I,C0- ET,C0„ 
ferent ventilator frequencies Ρ was kept constant. Consequently 
ET, CO 
the difference P„„ - P T „„ (P, „. ) only depended on P T . 
ET,CO I,C02 (ET-I),C02 * * I,CO 
If we assume that at the different ventilator frequencies the total CO-
flow from the tissues to the lungs was constant - the inflation volume 
also being kept constant - the alveolar Ρ oscillations (ΔΡ _
n
 ) only 
CO_ A,CO— 
depended on P,„_
 T, r n · Although we did not directly measure these ΔΡ. values, an increase in P.„_ -, „„ in our analysis was inter-
A,C0 2 (ET-I),C02 preted as an increase in ΔΡ„ „„ . This increase in ΔΡ, led to an in-
* A,CO A,CO 
crease in arterial P„„ oscillation amplitude (ΔΡ ). The reverse 
C0 2 *
 a
'
C 02 
holds for a decrease in Ρ, „. „„ . Ρ „ was assumed to be equal to 
(ET-I),C02 ET,CO ^ 
Ρ . The experimental protocols in the 15 cats are summarized in the 
A,CO« 
following diagram: 
15 cats 
2: open-loop 13: open + closed-loop 
7 normoxia + hypoxia 6 normoxia only 
i 1 
4 normoxia + CSN cut 5 normoxia CSN cut (2 of 
1 hyperoxia which closed-loop only) 
2 only with intact CSN 1 only with intact CSN 
-21-
Six signals wore recorded on a polygraph, stored m analog form on tape 
and fed, via an A/D converter, into a computer: tracheal air flow, Ρ , 
a ,0„ 
respiratory Ρ , respiratory Ρ , phrenic nerve activity and arterial 
blood pressure. 
2) Closed-loop experiments, in which the phase relationship between the 
phrenic bursts and blood gas oscillations was kept constant (except 
changes due to variation in circulation time). The ventilator was trig­
gered, with an adjustable delay (0-10 s in steps of 0.1 Ξ ) , by the onset 
of a phrenic burst. With the delay set to zero, peak inspiratory flow 
coincided with the maximal positive slope of the integrated phrenic nerve 
signal. The duration of an inflation was electronically matched to the 
duration of the inspiratory part of the phrenic burst that initiated it. 
The inflation volume was proportional to the amplitude of the integrated 
nerve signal. Changes in the steady state phase relationship could be 
introduced simply by changing the adjustable delay. Mean blood gas values 
and the wave form of the oscillations were not affected by this procedure. 
The procedure of changing the delays was as follows. After a pre-control 
period of about five minutes a delay change as large as 25, 50, or 75% 
of a respiratory period was introduced. About five minutes after each 
change the original delay was restored, creating a post-control period 
which also lasted about five minutes. 
Data analyszr, 
The signals stored on tape were sampled at a frequency of 10 Hz and 
fed into a digital computer (PDP-11/34) for further analysis. The in­
tegrated phrenic nerve signal and the respiratory airflow were processed 
as described by Teppema et al. (1983). 
The amplitude of the phrenic nerve signal will be denoted by ?,„· 
Likewise Ρ and Ρ are tho central neural inspiratorv and expiratory 
TI TE 
duration respectively. Ρ is defined as the time from the onset till 
the maximum of the burst. Althougn the signals were sampled every 100 ms, 
the time parameters Ρ and Ρ could be determined to within 10 ms be-r
 ΤΙ ΓΕ 
cause of the smoothing and interpolation procedures in the analysis. Since 
the Ρ oscillations were contaminated by low and high frequency noise, 
a ,Ο 
this signal had to be filtered before further analysis. This was accom­
plished by convoluting the signal with a sinX/X function which in turn 
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Figure 1. Original recording of part of the open-loop experiment in cat 310, 
ventilated at 18 (left), 15 (middle) and 12 (right) cycles/min. P E T c o is kept 
constant at all frequencies. The amplitudes of the alveolar Pco7
 a n d p0o oscil­
lations and those of the arterial PQ,,oscillations increase with decreasing pump 
frequency. 
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was windowed by a Ρ 310 window (Otnes and Enochson, 1978). The width of 
the convolution function was such that it included three zero crossings 
on each side of the main peak. In this way an almost ideal bandpass filter 
could be created without introducing any phase shift. The pass band ex­
tended from 3 cycles/min below till 3 cycles/min above the frequency of 
the artificial ventilation. 
Finally, we defined the phase relationship Φ between the phrenic nerve 
activity and the Ρ oscillations as the relative position of the peak 
a fO 
of the phrenic signal within the current Ρ oscillation, the period of 
a ,0* 
the oscillation (mod.l) running from one minimum to the next. 
RESULTS 
Open loop experiments 
1. Phase relationships. 
Normoxia. 
Under normoxic conditions, all 15 cats were ventilated independently 
of their own phrenic nerve activity at frequencies ranging from 0.5-2 
times their own frequency. Fig. 1 shows an original recording of part of 
an open-loop experiment. The existence of an effect of φ was judged as 
follows. At each pump frequency the respiratory variables Р„_/ P T T and 
Ρ were plotted, breath by breath, against φ. Then it was judged visually 
ТЕ 
whether or not there was any systematic pattern in the obtained plots, 
which would indicate a relationship between φ and the parameter involved, 
and which would justify the application of a fitting procedure to the 
plotted data. We used polynomial fits up to the 5th order. With respect 
to these fitting procedures, a 'clearer' phase relationship meant that 
the normalized least square errors of the best fits were smaller. In the 
plots shown in figs. 2-4, this meant that the data were concentrated closer 
to the best fitting lines (less scattering). 
An example of such data analysis in one cat (cat 310) is shown in 
fig. 2. In this figure it can be seen that an effect of φ becomes clearer at 
lower respiratory frequencies. The results of the open-loop experiments 
are summarized in table 1. 
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Figure 2. XY-plots of the integrated phrenic nerve amplitudes (IPNA=P ) 
against φ in the normoxic open-loop experiment in cat 310. VF = ventilator 
frequency. ΔΡ = arterial PQ oscillation amplitude. NPol: order of 
best fitting ' ^  polynomial regression line. Before CSN section the phase 
relationship φ has an effect on IPNA which becomes clearer at lower VF; 
when the CSN is cut the effect disappears (lower two plots). 
In six cats, during normoxia no relationship was found between Φ and 
any of the respiratory parameters. In the remaining nine cats we observed 
the following: at pump frequencies > 20 rein there was no relationship 
between φ and Ρ , P_ and/or Ρ ; below 20 min , with decreasing pump 
VT TE TI 
frequencies there was an increasing tendency towards an effect of φ on one 
or more of the parameters (predominantly P,_)- In most cats this meant 
that at a rate of about 15 min there was a clear effect of φ. As can be 
seen in table 1, in all cases but one with a positive effect of φ, there 
was an effect on Ρ . From the data of table 1 we conclude that during 
VT 
normoxia an effect of φ, if present, is predominantly on P,__- However, 
within cats often more parameters than Ρ _ alone vary with φ. When this 
f утр 
happened, in 50% of the cases (indicated in table 1 by > sign) the effect 
of φ on Ρ was more pronounced than the effect on any of the other para­
meters. In the other 50% of the cases, P_ and/or P„ T varied with φ as 
TE ΤΙ т 
clearly as did Ρ . In all cases (in all cats) in which both ?._ and P„ T 
s
 VT VT TI 
varied with φ, the phase relationship at which the maximum and minimum 
values (φ and φ . ) occurred, were the same. The same holds for P,
m max min VT 
and Ρ , except in one case (see table 1). The position of the Ρ 
TE a,o^ 
electrode was near the aortic arch. Eldridge (1972a) has shown that the 
circulatory delay from this site to the carotid bodies is negligible. 
Therefore, we assume that the phase relationships as measured by the 
electrode are the same as those existing at the carotid bodies. When ap­
plied to our data, this means that at all pump frequencies investigated, 
φ for Ρ _, P_ and (except in one case) Ρ was between 0.8 and 0.2, T
max VT TI г TE i.e. φ was around the expiratory trough of the Ρ oscillation. 
max a,O. 
φ . was about 0.5. Only one small deviation from these values for φ T
min * max 
and φ . was found in cat 310 (see fig. 2). 
m m 
Hypoxia. 
In seven cats the open-loop protocol was followed also in hypoxia. 
Results of the open-loop experiments in 11 cate In four cate no effects vere found at all Itie data of these cats were 
omitted * cat 314 ventilated at 13 сусіеэ/min (Pfgmj) ^η 5 0 XPaï i i à not s*10* an effect of φ because of the 
occurrence of a stable 1 1 phase lock at this frequency ' 2 At all pump frequencies, at least 100 breaths cm well ав 
at leaet 100 ριβψ cycles - often папу more of both - vere involved in the analysis Statistical tests used unpaired t-
tests û's refer to oscillation amplitudes VF • ventilatory frequency 
Ranges tested 
Background 
situation 
^2 « M > C 0 2 cycle,/ 
(kPa) (kPa) min (a ) tkPa) 
Parameter(в) 
varying 
with φ 
0 2 IET I ) o o j , c y c W 
(kPa) (kPa) min) 
301 поппояіа 1 4 
2 0 
2 0 
3 4 
4 9 
5 2 
7 49+0 3 5 2+0 2 р . . Р^, 
— — VT TI 
< 001 > 05 Ρ,.,, 
VT 
θ 45+0 5 5 2+0 1 Ρ , „ 
— - VT 
0 4-2 0 1 9-5 2 30-9 
0 3 - 1 9 1 8-4 2 35-10 
304 norrooxla 
2 4 6 8 
12 1 49+0 6 5 8+0 1 P. > P
m 
— — VT TE 
< 001 < 001 0 2-2 4 
8 1 99+0 1 6 + 0 Э Ρ,«*?™ 
4 2-6 8 33-8 
VT TE 
О 66 
306 nornoxla 
1 3 5 6 
hypoxia 0 5 4 7 
1 0 5 β 
h y p e r o x i a 1 8 3 7 
14 4 64+0 2 5 4+0 0 
10 4 66+0 2 5 6+0 1 
< 05 
9 5 Θ4+0 2 5 9+0 1 
0 4 - 1 3 3 7-5 6 30-10 
0 2 - 1 0 3 7-5 7 30-9 
1 8 , 3 6 3 6 , 5 4 18 9 
307 n o m o x i a 
h y p o x i a 
1 0 
1 5 
1 6 
0 7 
0 S 
I 0 
1 3 
ι e s 
9 
2 
β 
б 
7 
7 
а 
3 
18 
15 
12 
24 
21 
19 
15 
11 
2 74*0 1 
2 67*0 3 
2 6Θ*0 2 
3 42+0 2 
5 2+0 1 
001 
5 3+0 1 
5 1+0 0 
5 5+0 0 
< 001 
'и 
Ρ .Ρ Ρ 
VT' TE' ΤΙ 
ρ
ντ·
ρ
Τϊ 
• W T I 
PVT > PTI 
0 7-1 Ι θ 
3 4-4 8 28 12 
4 6-5 3 24-11 
308 normo* t a 
h y p o x i a 0 6 3 4 19 2 08+0 1 5 3+0 1 Р ^ 
1 0 3 6 15 < 001 < 001 Ру, 
1 2 4 0 12 2 29+0 1 5 5+0 1 ρ 
0 5 - 1 5 3 1-4 2 24 15 
0 4 - 1 2 2 7-3 8 24-12 
0 5 - 1 9 2 8-3 9 24-12 
(continuation of table 1) 
Ежр Background 
nr situation 
*02 ' (ET I) 
(kPa) 
С
0! cycles/ ^ 
(kPa) nln (a u ) 
Ranges tested 
(kPa) 
P a r a r a e t e r ( s ) 
v a r y i n g 
w i t h φ 
r
*°2 
(kPa) 
" - " o > 2 ( c y c l e s / 
(kPa) min) 
310 п о п ю х і а 0 9 
1 2 
1 5 
4 5 
5 О 
6 1 
2 17*0 1 6 i i O 1 Р
т е
, Р
т
. 
< 001 > 05 Р
о т 
2 41+0 2 6 1 + 0 1 р _ 
— — т 
0 2 - 1 5 Э 4-6 1 30-12 
0 5 - 1 9 3 6-5 0 30-15 
311 потпюхіа 1 3 
0 β 
1 S 
о θ 
0 9 
1 0 
1 3 
4 Б 
4 7 
5 2 
5 5 
4 1 
4 О 
4 6 
2 42+0 1 5 2+0 6 
3 45+9 2 5 5+0 3 р ^ 
3 27+0 2 5 6+0 2 р ^ 
< Οβ < 001 Р ^ 
3 18+0 2 5 4+0 5 p . . 
0 1 - 1 5 3 4-5 5 45-12 
0 1 - 1 3 3 8-4 6 40-15 
0 5-2 3 3 6-4 0 30-15 
312 погілохіа 0 8 
1 О 
1 4 
4 О 
4 4 
5 1 
0 1 - 1 4 3 1-5 О З -12 
0 2 - 1 2 4 7-5 6 30-15 
313 п о ш ю х і а 
h y p o x i a О 2 
О 3 
О 3 
О 4 
О 5 
О 7 
4 5 
4 7 
4 7 
5 2 
5 5 
5 6 
05 
Т'
Г
ТІ 
Р
 Т
,Р
ТІ 
Р
 Т
 Р
ТІ 
Р
 Т'
Р
ТІ 
р
 т
 р
ті 
CSN Cut 
normoxla 
hypoxia 
-
1 1 
0 s 
-
5 0 
4 6 
О Э-1 0 4 2-5 6 30 15 
0 2-0 7 4 5-5 6 30-15 
0 1 - 1 4 4 0-4 9 30-15 
0 6 4 θ 
VT 
2 6Θ+0 2 5 2+0 1 Ρ >ρ 
- — ντ τι 
< ooi < ooi 
2 θθ+0 2 4 9+0 2 ρ 
— — \ΓΓ 
0 2 - 1 1 4 4-5 0 27 15 
0 1-0 6 4 0-5 0 30 13 
hypoxia 
CSN cut 
0 9 4 β 
1 5 5 2 
4 43+0 2 5 5+0 3 
4 41+0 3 5 3+0 2 
Ρ ,ρ 
0 1-15 4 2-5 2 45-12 
0 1-15 3 Э-4 6 40-12 
0 2-2 1 3 6-5 4 35-12 
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Figure 3. Plots of integrated phrenic nerve amplitude (IPNA, = P,_) 
against φ in the hypoxic open-loop experiment in cat 307. The 
alveolar Peo? oscillation amplitudes can be found in table 1. Note the 
considerable scattering of the points around the fitted line at VF = 21 
(upper left); this scattering becomes much less at lower VF's. NPol: 
order of best fitting polynomial regression line. ΔΡ 
oscillation amplitude. VF = ventilator frequency. a,0„ 
arterial P, 02 
Ρ in these cats was kept between 6.6 and 8 kPa. Within cats, during 
ET, О 
hypoxia Ρ was kept at the same level as during normoxia. As in 
ET,CO_ 
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Figure 4. Plots of integrated phrenic nerve amplitude (IPNA, = Ρ ) 
against φ in cat 308, showing no effect of φ in normoxia (left), while 
in hypoxia there is an effect. NPol of the fitted line = 4. àPB^Q = 
Ρ ,
 т
ч
 c o
 ·Драд = arterial P Q . oscillation amplitude. VF = ventilator 
frequency. 
normoxia, also in hypoxia the picture of an increasing tendency towards 
a more pronounced effect of φ with decreasing pump frequency (increasing 
oscillation amplitude) was present. An example is shown in fig. 3. In 
general, an effect of φ again was predominantly on P„_. Whenever an effect 
on P„T was present too, φ and φ were the same for both parameters. TI max min ^ 
The same holds for Ρ , except in one case (see table 1). Inspection of 
TE 
the alveolar Ρ _ oscillation amplitudes in table 1 reveals that in most 
CO 
cats (5 out of 7) during hypoxia phase relationships were visible at low­
er amplitudes than in normoxia (the same holds for the Ρ oscillation 
a ,Ο 
amplitudes). Fig. 4 shows an example where in normoxia no effect of φ is 
present, while in hypoxia at smaller amplitude an effect is visible. 
Fig. 5 gives an example in which during normoxia there is no effect, 
while in hypoxia - at comparable Ρ (and smaller Ρ ) oscillation 
A,CO„ a,0„ 
amplitudes - φ has an effect. 
We conclude that, during hypoxia, in general an effect of φ can be 
demonstrated at lower oscillation amplitudes than during normoxia. 
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Figure 5. Plots of integrated phrenic nerve amplitude (IPNA, = Ру
т
) 
against φ in cat 313, showing no effect of φ in normoxia (upper two plots), 
and a positive effect in hypoxia at comparable ?,__
 T l r n values (=ΔΡΚ ). 
No fitting was applied in the lower two cases, ' 2 2 
because of the enormous scattering of the points at the left sides. The 
effect of φ however, clearly is present. VF = ventilator frequency. 
CSN cut. 
In nine cats the open loop experiments were performed after section 
-3\-
¿0.1 
• ' ' " 
·' -'t · !«*' ** 
0 ι ^ 
•30 sec time 
Figuur 6. Time courses of ventilator frequency (VF) and phrenic burst 
frequency (PF) together with that of φ in cat 301 (normoxia). PF + SD 
: 17.8 + 0.4 (n=116); VF + SD : 18.5 + 0.6 (n=121). At а φ of about 0.8 
PF repeatedly tends to lock in to the respirator. This cat, at a pump 
frequency of 18.0 mm - 1, showed also a stable 1:1 phase lock. 
20. Ζ
 T 
> a. 
: Ϊ 
15.6 
1 .0 
0 1 
- I 1 1 1 1 - I I I I 
-t-
30 soc 
time 
Figure 7. Stable 1:1 phase lock in cat 310 (normoxia). Mean PF (= phrenic 
burst frequency) +^  SD was: 18.1 +_ 0.2 (n=121),· mean VF (= ventilator fre­
quency) + SD was: 18.1 +0.9 (n=121). 
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of both sinus nerves. No effects of φ were found.The result of section­
ing of both sinus nerves on the effect of φ is shown in fig. 2 (also in 
fig. 9). 
2. Phase lock phenomena. 
To ]udge the possibility whether the phrenic burst frequency (PF) 
of the vagotomized animals could be influenced by the ventilator fre­
quency (= VF), we analysed our data as follows. At each VF, the phase 
relationship φ of every phrenic burst was calculated and plotted. The 
reasoning was that when VF would not influence PF, a 360 phase shift 
would take a period determined by the difference between both frequencies. 
When on the other hand phrenic activity would lock in to the ventilator 
frequency, this should be easily discernable in the time pattern of φ. 
In figs. 6, 7, and θ such plots of φ are shown. 
To summarize our observations: in four cats stable 'lock in' periods 
of several min duration occurred, but only when the animals were venti­
lated with a frequency close to their own frequency, i.e. when at the 
start VF differed from PF not more than three cycles/min. In seven other 
cats only a tendency to lock in was observed, i.e. during short periods 
of time PF adapted to VF. In these cats, also short, unstable periods of 
'lock in' with a frequency ratio (VF : PF) of 2:1 and 1:2 were observed. 
We are cautious to state that all the observed phenomena which we have 
called phase-locks are caused by a physiological action, for instance 
via the carotid bodies. It is also possible that they only are fortuitous. 
At best we can say that we only have indications that the carotid bodies 
play a role, since stable 'lock in' periods in these animals could not 
be obtained after CSN section (example shown in fig. 9). In addition, in 
these animals at a given pump frequency repeated tendencies to Іосл in 
were visible, always at about the same φ (see fig. 6 for an example). 
After CSN section we also observed 'lock in' tendencies, but then, at 
a given VF, at various φ's perhaps indicating that these short phase-
locks, more than those before CSN section, were due to chance. 
In conclusion, in our vagotomized cats (CSN intact), at the oscil­
lation amplitudes investigated, there was only a small range - if any -
within which the cat's own breathing could be locked in to the respirator. 
We could not demonstrate any influence of hypoxia in this respect. 
.. Д Г У Л Г ^ ^ ^ Д ^ І ІКЯІІШ ! 
13.4 
1 -υ 
; ;, I . 'у,г, s .„,, ; и ;; „ .;_;; .,„,, ,; 
:-"У -, -";: ' ; Τ ^
1 ! ^ ^ ^ ;' 'i ij": i№, ïvj ^· '^ 
ι , ι , ^ n . p ^ J ^ . ^ n p A ^ 
30 s. 
TIME 
Figure 8. Time courses of PF (phrenic burst frequency) , VF (ventilator frequency and φ at three dif­
ferent respirator frequencies in cat 313 (normoxia) . Left: PF +_ SD: 24.1 +_ 0.8, VF + SD: 27.1 + 1.9. 
Middle:_PF +_ SD: 23.6 + 1.0;_VF + SD: 24.7 + 1.0; at а φ around 0.4 phrenic activity tends to lock in. 
Right: PF + SD: 24.1 +_ 0.7; VF +_ SD: 20.1 +_ 0.6. At the pump frequencies of 27 and 20 a given φ occurs 
with a frequency which can be found by determining the absolute difference between PF and VF. This cat 
also showed a stable 1:1 phase lock in hypoxia. 
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Figure 9. The same cat as in fig. θ. Left: hypoxia. Phrenic activity 
is locked in to the respirator. Ventilating the cat at about its own 
breathing frequency before CSN section (left) causes a phase-lock. When 
the sinus nerves are cut, no effect of φ is visible.IPNA= integrated 
phrenic nerve amplitude (= P V T ) . PF= phrenic burst frequency; VF= ven­
tilator frequency. 
Closed-loop experiments 
Table 2 summarizes the closed-loop results. In the open- and closed-
loop protocols, Ρ was kept at the same level. In each period (3-5 
ET, cu 
min) with constant φ, Ehe average ?_» ?__ and Ρ (+ SD) were calculat­
ed. The first 30 seconds after a sudden change in φ were not included in 
these calculations; they were omitted in order to exclude possible ef­
fects of small Ρ ET,CO, changes during the transients which we sometimes 
observed; in addition, in this way we hoped to rule out the early effects 
of possible slow dynamics which could accompany changes in Ρ.
φ
, Ρ__ or 
Ρ from one value to another (by a change in φ). To evaluate whether 
this could be the case, we plotted - during all periods and transients -
each variable in time between the maximum and minimum levels (as in fig. 
10). The differences between the means before and after a change in φ 
were tested with unpaired t-tests. Significance was assumed at Ρ < 0.05. 
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General observations. 
By changing φ, we frequently found (both in normoxia and in hypoxia) 
significant changes in mean Ρ _, Ρ or P_ of 0-5%. In most cases these 
•3 ? VT TE TI 
changes were much smaller than the standard deviations of the mean control 
values. Changes in this order of magnitude also frequently were found after 
section of both sinus nerves. These very small differences thus probably 
are caused by other factors than by the induced changes in φ. We decided 
to include in table 2 only those changes which were larger than 10% from 
the mean control values. In all cases but one,where φ had a positive ef­
fect of more than 10%, P _ was the only 'effective' parameter (see table 2) . 
VT 
Normoxia. 
In three cats neither in the open- nor in the closed-loop protocol 
any effect of φ was found. In two cats (307 and 310) , changes in φ some­
times caused changes in mean Ρ _,. The average closed-loop Ρ _ oscil-
VT ' r A, CO 
lation amplitude at which this happened was within the range in the 
open-loop protocol where effects of φ were visible (cf, tables 1 and 2). 
In the remaining eight cats of table 2, changes in φ were without effect 
on P,_, P
m
_ or P„ T. In all these animals the mean closed-loop P. 
VT TE TI r A, CO 
oscillation amplitudes were smaller than the smallest open-loop Ρ 
A, CO-
at which an effect of φ could be demonstrated (see tables 1 and 2). 
Hypoxia. 
In hypoxia, we could not show a consistent effect of a change in 
φ on one of the respiratory parameters (see table 2). Of the seven ani­
mals investigated, only three showed an effect of a change in φ. The 
possible cause of this will be discussed later. 
CSN cut. 
In six cats, the stationary phase shift experiment was done after 
section of both sinus nerves. No changes of 10% in any of the three 
respiratory parameters were found. 
Table 2 -36-
P(ET-I) -SD U Pao Exp. Background Х'С02 u2 
Total Phase shifts with significant 
PF+SD number effect > 10% 
of Para-
nr. si tuation (kPa) (kPa) (a.u.) changes Φχ ·+ *y meter(s) % Change 
303 
304 
305 
normoxia 
normoxia 
normoxia 
4.4+0.4 
4.3+0.3 
4.0+0.5 
0.9 
0.7 
0.8 
21.2+1.1 
23.2+1.2 
24.3+1.В 
16 
7 
24 
-
-
-
-
-
-
-
-
-
306 normoxia 
hypoxia 
3.3+0.1 
4.8+0.2 
3.5+0.2 
4.1+0.7 
1.1 
0.5 
2.6 
1.0 
20.5+0.1 
17.3+0.5 
22.1+0.6 
19.4+0.4 
10 
6 
8 
10 
-
-
-
.S84-.33 
.08+. 78 
307 normoxia 
hypoxia 
VT 
VT 
3.4+0.3 0.7 23.5+0.6 12 .1&+.38 
+ 16 
-10 
-12 
308 normoxia 
hypoxia 
CSN cut 
2.6+0.4 
3.0+0.1 
3.1+0.2 
0.9 
1.2 
0.8 
17.4+0.2 7 
19.5+0.5 9 
22.8+0.4 4 
309 normoxia 
CSN cut 
4.3+0.4 
4.7+0.3 
0.8 
0.9 
22.1+0.9 13 
16.1+1.0 2 
310 normoxia 4.4+0.4 0.9 21.0+0.7 .44+.29 + 10 
311 hypoxia 
CSN cut 
3.5+0.3 
3.2+0.3 
0.2 
0.2 
33.8+1.0 9 
40.8+1.6 4 
312 normoxia 
CSN cut 
2.6+0.4 
4.7+0.1 
0.6 
0.5 
21.2+1.0 11 
24.5+1.9 2 
313 normoxia 
hypoxia 
CSN cut 
4.2+0.4 
5.1+0.9 
5.1+0.4 
0.5 
0.3 
0.6 
26.9+0.8 14 
23.8+0.5 8 
25.5+2.3 6 
314 normoxia 
hypoxia 
3.2+0.4 
3.7+0.0 
0.3 
0.3 
26.6+1.2 16 
15.2+0.8 6 .39-»·. 14 P„„,P„ +11,+ 10 TE VT 
315 normoxia 
CSN cut 
3.9+0.2 
3.8+0.6 
0.3 
0.2 
28.1+0.7 20 
29.5+1.3 8 
Results of the closed-loop experiments in 13 cats. The same experiments in this table 
refer to the same cats as in table 1. The mean oscillation amplitudes and phrenic fre­
quencies refer to all involved periods with constant phase relationships. PF = Phrenic 
frequency. 
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Figure 10. Result of a phase shift during the closed-loop experiment 
in cat 307 (normoxia). Mean P V T changes from 2.94 to 2.67 (P < .001). 
Ρ and Ρ do not change after the phase shift. 
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DISCUSSION 
Open-loop experiments 
The physiological role of the arterial blood gas oscillations in all 
probability is limited to the Ρ oscillations (Fitzgerald et al., 
1969; Gehrig and Moore, 1973; Goodman et al., 1974). We have no intra­
vascular CO electrodes at our disposal which are fast enough to measure 
these. Because the Ρ „ oscillations are synchronous with those of Ρ __. 
a,02 ' a,C02 
we used fast catheter oxygen electrodes (Kimmich et al., 1975) to deter­
mine the phase relationship between the oscillations and the respiratory 
cycle. We have two clear indications that the present positive results 
m vagotomized cats are mediated by the carotid bodies: 1) In hypoxia 
the effects of φ are more pronounced and 2) The effects of φ disappear 
after bilateral CSN section. The effects of φ on Ρ and - if present -
on Ρ were the same. Ρ and Ρ were maximal when peak inspiration was 
close to (or at) the expiratory trough of the Ρ oscillation at the 
a ,0 
carotid bodies. This agrees with results of Plaas-Link (1980) in cats, 
but not with those in dogs of Cross et al. (1979), who found that φ (Ρ ) 
max VT 
coincided with φ . (P
m r
). However, our results in cats are not 
run TI 
unexpected, since Eldndge (1972 a,b), and also Plaas-Link (1980) found 
that prolongation of inspiration occurred at a CSN-stimulus timing in 
the second half of inspiration, when also the increase in Ρ _ was max-
VT 
imal. Eldndge found that Ρ can be prolonged by a stimulation both in 
TE 
late-inspiration and in late-expiration. This could explain why φ 
for Ρ and Ρ in the present experiments did not always coincide. We 
found a predominant effect of φ on P.
m
. An effect on Ρ and/or Ρ ^  often 
•r-
 T
 VT TE TI 
was absent. This also is compatible with Eldndge's results, because he 
found that in case of P„_ and P
m
_ - unlike Ρ „ - the effect of the 
TE TI VT 
chemical carotid body or electrical CSN stimulation was less critically 
dependent on the timing within the respiratory cycle. In dogs this could 
be different,considering the predominant effects of φ on Ρ in this 
species (Cross et al., 1979). The relative variations of Ρ„
τ
/ P__ and 
P_ (Px - Px /Px) were independent of the occurrence of an effect 
TI max m m 
of φ. This means that, whether or not a positive effect of φ could be 
demonstrated, the variations in these respiratory parameters always were 
of the same order of magnitude (20-35%). At decreasing ventilator fre-
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quencies and increasing oscillation amplitudes, the effect of φ was to 
establish order in the 'chaos' of any possible value of P. „ within the 
limited range imposed by the central neuronal pool - in turn influenced 
by physiological circumstances. The effect of the amplitude of the 
P, „ oscillations was to facilitate this process. 
A,C02 
Ρ oscillation amplitudes. 
a,C02 
The effect of the Ρ oscillation amplitudes on mean P„_ was 
a,CO- VT 
less clear. Table 1 shows that in most cats mean Ρ was larger at the 
largest P.„_ ,. „„ where an effect of φ was present than at the smal-(ET-I),C02 
lest one. Because we did not test steady state CO_ sensitivity, we could 
not determine the contribution of the sometimes occurring small, but sig­
nificant increases m P„_ „„ to this finding. 
ET,C02 
However, a contribution of the larger Ρ oscillation amplitudes to 
a ,C0-
the larger mean Ρ _ can not be excluded: thus in four cats mean Ρ „ was 
^ VT VT 
larger at the same, or at smaller mean Ρ _ „„ levels. It could be argued 
ET,CO ^ 
that the facilitating influence of the oscillation amplitudes on the ef­
fect of φ is due to an increase of the slope of the Ρ _ oscillations 
a
' 2 
with decreasing F when pump frequency decreases. However, F in 
I,C0_ 1,^ -O-
our cats did not exceed 2%. According to Saunders (1980), F varying 
between 0 and 3% hardly affects the slope of the oscillations, nor does 
changing the frequency at rest (assuming a constant V ). As can be seen 
2 in table 1, the differences in Ρ, . , and consequently the differ-(ET-I),C02 
enees in Ρ oscillation amplitudes, were considerable. 
The interesting question remains why an effect of the phase relation­
ships can be demonstrated only at sufficiently large ΔΡ . We consider 
A,CO-
the following possibilities: 1) at low amplitudes there are no respira­
tory oscillations in CSN discharge. However, Gehrig and More (1973) showed 
oscillations in discharge, at much higher F levels than we used; 
Fitzgerald et al. (1969), using hypercapnic test blood, showed CSN dis­
charge oscillations up to 60 Ρ oscillations per min. Therefore, the 
a ,CO 
possibility of lacking CSN discharge oscillations is unlikely; 2) at 
larger CSN discharge oscillation amplitudes (with larger ΔΡ 's), a 
A,CO_ 
given central threshold to afferent input via the sinus nerves could be 
surpassed. However, at eucapnic levels the carotid bodies substantially 
contribute to resting ventilation (Heeringa et al., 1979). In addition, 
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in the present experiments, in case of a threshold one should expect in­
creases in mean phrenic output level at larger oscillation amplitudes, 
which we could not demonstrate consistently,- 3) due to an afterdischarge 
mechanism as reported by Eldridge et al. (1981), at low stimulation (os­
cillation) amplitudes the difference between maximally stimulated breaths 
(havina а φ ) and breaths with any other i is too small to see a dif-
4
 max 
ference between these two types of breaths. The existence of an after-
discharge (a.d.) mechanism is not necessarily conflicting with the presence 
of an effect of φ, provided the a.d. mechanism is not too large. Vis and 
Folgering (1981) found, after sudden cessation of electrical CSN stimu­
lation, a time constant (τ) of 39 s in the decreasing Py-· Their model 
comprised a fast component (independent of τ) which could account for the 
effects of φ we have found. 
Hypoxia. 
Increasing the background (chemical or electrical) stimulation level 
causes the afterdischarge to gradually decrease and eventually to disap­
pear (Eldridge et al., 1981; Vis and Folgering, 1981). Thus in hypoxia, 
absence of afterdischarge could help to envisage phase relationships at 
lower oscillation amplitudes than in normoxia. In view of the literature 
on the oscillations/ our finding that in the open-loop experiments during 
hypoxia the effect of φ was demonstrable more easily than in normoxia, is 
not surprising. However, given the smaller relative amplitudes of the os­
cillations in CSN discharge in hypoxia at the same mean Ρ (Goodman 
a ,CO-
et al., 1974), this finding remains remarkable. We do not know to what 
extent the increased tonic discharge in the CSN discharge during hypoxia 
could play a role. Probably the phenomenon is of central origin: apart 
from the afterdischarge, an increased central sensitivity to afferent CSN 
input might contribute to it. Hypoxia decreases the contribution of the 
central chemoreceptors to the total chemical drive as shown by Van Beek 
(1983). The same author reported that the gain of the Ρ -related af-
a ,CO_ 
ferent CSN input is independent of the central Ρ . Eldridge (1981), 
2 however, found an increasing effect of electrical sinus nerve stimulation 
with decreasing central Ρ . Further investigations are needed to resolve 
this controversy. The same holds for the question why in hypoxia the os­
cillations are more effective. The level of ventilation per se (the cen­
tral state of excitation) might also be involved. 
-41-
Phase-lock phenomena. 
Entrainment of the respiratory rhythm to mechanical ventilation is 
a well-known phenomenon in cats with intact vagi (Trenchard, 1977; Vibert 
et al., 1981; Petrillo et al., 1983). Petrillo et al. (1983) found that 
phrenic nerve output dynamics, especially in the 1:1 (= frequency ratio) 
phase locking region, highly depends on the inflation volume and 
frequency. A 1:1 phase lock in their experiments meant a constant phase 
relationship between phrenic nerve activity and the pwrtp aycle. However, 
due to normal variations in lung to carotid body circulation time, this 
does not automatically mean a constant φ between the phrenic nerve out­
put and the arterial blood gas oscillations as seen by the carotid bodies. 
It is interesting to know whether there could exist a coupling between 
circulation and respiration which, independently of the vagus, leads to 
a constant phase relationship between the two. As at sufficiently large 
Ρ oscillations effects of φ on Ρ indeed exist, the occurrence of 
a,CO VT 
constant ф'з (e.g. at φ ) could mean an elevation of mean ventilation, 
max 
for example during exercise. As with the vagally mediated 'mechanical' 
entrainment, a possible 'chemical' phase lock via the carotid bodies 
probably highly depends on both the amplitude and the frequency of the 
arterial Ρ oscillations. In relation to this, it is interesting to 
2 
note that Plaas-Link (1980) has found a large 1:1 phase lock region in 
vagotomized cats whose arterial blood contained large - artificially 
produced - Ρ oscillations of about 7 mmHg. We, however, found stable 
2 
phase locks in only four animals which could not be reproduced after CSM 
section. Our failure to consistently show stable phase locks in all ani­
mals might have been caused by too low Ρ oscillation amplitudes: 
a,CO„ 
at a given pump frequency, we did not change inflation volumes or F . 
Petersen et al. (1978) found in exercising humans a link between the 
lung to ear circulation time and the phase of respiration, which became 
more definite as the exercise load increased. This indicates that indeed 
during exercise a constant phase relationship between the Ρ „„ oscil-
a,C02 
lations and the respiratory cycle might develop. 
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Closed-loop experiments 
Normoxia. 
The overall negative result of the closed-loop experiments in our 
view is due to the fact that the Ρ oscillation amplitudes during 
a ƒ C0„ 
this protocol were too small. Comparing the Ρ. . differences in 
\ET IJ,CO 
tables 1 and 2 supports this conclusion. If we can accept a contribution 
of the oscillation amplitudes to the effect of the phase relationship, 
then we can conclude that the closed-loop results correspond with those 
of the open-loop protocol. 
Hypoxia. 
From the hypoxia closed-loop results, this conclusion seems less 
obvious. The lack of an effect of a change in φ in cats 306 and 313 
might be caused by the following factors which might act simultaneously: 
1) large scattering of P.— , Ρ™» o r Ρφ-,-» even at values at which a maximum 
or minimum value is achieved. This would make it difficult to introduce 
phase shifts with significant effects (e.g. see fig. 3 upper part and 
fig. 4). In this way, phase shifts which in view of the open-loop results 
might have potential effects, could fail to induce a statistically sig­
nificant change in one of the parameters; 2) there might be sensitive 
regions of φ in which a small change in φ can have a relatively large ef­
fect on P.„, for example when φ is around the peak of the Ρ oscil-
VT r ^ a,CO 
lation. Due to variations in circulation time, φ could not always have 
remained constant at a constant phrenic nerve to pump delay. Thus, small 
variations in φ within such a 'sensitive' region could have obscured the 
results. 
Physiological relevanoe 
Because we wished to study the isolated effect of chemical feedback, 
we had to perform vagotomy. In physiological conditions of course mech­
anical feedback is operative. This does not mean, however, that in these 
conditions a chemical feedback via the arterial Ρ oscillations would 
C 0 2 
not play a role. This is illustrated for example by the fact that the 
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above discussed results of Eldridge (1972a) also could be obtained before 
vagotomy; the reflex effects of tube breathing in cats are also indepen­
dent of the vagus nerve (Marsh and Nye, 19Θ2). The same reflex effects 
can be obtained in intact humans (see introduction). In humans the reflex 
effects via the carotid bodies could even be more important (or less over­
ridden by lung feedback) than in other species: the operation of the 
Breuer-Hering threshold curve during eucapnic breathing is still a matter 
of debate (Gautier et al., 1981). The disadvantage of eliminating the 
aortic chemosensors by vagotomy probably is of minor significance to the 
interpretation of the present results: at eucapnic and hypercapnic levels, 
the C0_ (and 0 ) sensitivity of these sensors is small as compared with 
that of the carotid bodies (see Lahiri and Gelfand (19Θ3) for a review). 
The present results confirm that the amplitude of the arterial blood 
gas oscillations can be of significance in the determination of ventila­
tory output. This is a confirmation of the theory of Yamamoto and Edwards 
(I960). If the oscillations are large enough, their phase relationship 
to the ongoing respiratory cycle can partly determine the amplitude and 
timing of a phrenic burst. 
Increasing the state of excitation of the respiratory neurones by main­
taining moderate hypoxia might facilitate this effect. 
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C H A P T E R I I I 
DYNAMICS OF BRAIN EXTRACELLULAR FLUID pH AND PHRENIC 
NERVE ACTIVITY IN CATS AFTER END-TIDAL C02 FORCING 
L.J. TEPPEMA, A. VIS, J.A.M. EVERS and H.TH. FOLGERING 
Department of Physiology, University o) Nijmegen, Geert Grooteplein Noord 21, 6525 EZ Nijmegen, 
The Netherlands 
Abstract. Ventilation is influenced by the interstitial [ H + ] of the brain The pHccf, which in turn is 
determined largely by ventilation (via P a c o 0 l s sensed by the central chemoreceptors In order to investigate 
the dynamics of both pHecf and neural tidal volume, we measured in cats with cut vagi and sinus 
nerves the dynamic medullary pHecf changes and the associated changes in integrated phrenic nerve 
activity after end-tidal СОт forcing The medullary surface ecf pH was measured with a glass electrode 
with a flat pH-sensitive surface After CO2 up-steps, the pHecf changed with a time constant of about 
43 sec, after down-steps 30 sec was found The central time constant of the neural tidal volume response 
was 50 sec (mode) in both cases, whereas the overall response had a (modal) time constant of 80 sec 
The results indicate that pHecf dynamics and the dynamic characteristics of the central neural respiratory 
organization are about equally important in determining the dynamic neural tidal volume response 
It is argued that when Pato, changes, the dynamic pHecf change is perfusion limited and macroscopically 
homogeneous within the brainstem Therefore, in our view it seems that the location of the central 
chemoreceptors within the brainstem is of minor importance in determining the dynamic neural tidal 
volume response to Ра
С
о
г
 changes 
Cats pHecf 
Central chemoreceptors Ventilatory dynamics 
End-tidal CO2 forcing Ventral medulla 
Ventilation and pH of the brain extracellular fluid (pHecf) form part of a closed 
loop control system in which pHecf is the controlled variable sensed by the central 
chemoreceptors. However, beside adjustment of PaC02 by alveolar ventilation, 
several other mechanisms may operate to serve a precise pHecf regulation. These 
mechanisms are: adjustment of cerebral blood flow (CBF), arterial [HC03~], blood-
brain-barrier permeability and also buffering by brain (glial) cells (Leusen, 1972; 
Ahmad et al., 1978). The pHecf dynamics are important in determining the venti­
latory dynamics. 
Accepted for publication 18 August 1982 
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L J TEPPEMA ei al 
CO2 inhalation studies are used as a tool in elucidating the relative location of 
the central chemoreceptors to the arterial blood, to the venous blood and to the csf 
(Lambertsen et al, 1965, Loeschcke and Sugiokd, 1969, Bonson and McCarthy, 
1973, Gelfand and Lambertsen, 1973, Cragg et al, 1977) Also ventriculo-cisternal 
perfusion experiments have been carried out with this aim (Pappenheimer et al, 1965, 
Fencl et al, 1966, Berndt et al, 1972a,b, Berkenbosch et al, 1978) Two views domi-
nate the literature according to the groups of Loeschcke, Berndt and Berkenbosch 
the central chemoreceptors are locatÄhn a relatively close position to the csf (slower 
pH dynamics), while the groups of Pappenheimer, Lambertsen, Gelfand and Cragg 
believe in a position relatively close to the arterial blood (faster pH dynamics) 
However, if one assumes that in the brainstem in normal conditions no diffusion 
limitations exist (Ohta and Farhi, 1979), then the above concept of the functional 
location of the central chemoreceptors is of minor importance, because then the 
dynamic pHecf behaviour is the same throughout homogeneously perfused regions 
These regions have no arterial or venous side, because of the homogeneity and may 
contain several chemoreceptors The spatial distribution then of the central chemo-
receptors in such a region is not important to dynamic ventilatory control 
If ventilatory dynamics are not determined by the functional location of the 
central chemorecpetors, one could ascribe a possible determinant role to the per-
fusion dynamics of the chemosensitive areas However, in our opinion the view that 
the perfusion rate of the chemoreceptors solely is responsible for the dynamic 
respiratory response needs reinvestigation a persistent hyperpnea after sudden 
termination of chemical respiratory stimulation has been described in man as well 
as in animals (Dutton et al, 1967, Swanson et al, 1976) Also after active hyper-
ventilation or electrical sinus nerve stimulation this 'afterdischarge' phenomenon 
is reported, both in cats and man (Eldndge, 1976, Swanson et al, 1976, Vis and 
Folgering, 1981) Apparently, in the neuronal respiratory organization, a sudden 
change in input is not necessarily followed by a prompt complete change in output 
(ventilation) So, apart from perfusion and diffusion, the rate of a respiratory 
response could also be determined by a centrally mediated time constant, caused 
by the respiratory neuronal circuit 
The present experiments were undertaken to investigate the pHecf dynamics and 
the existence of a central neuronal time constant Using a similar technique as 
developed by Loeschcke and Sugioka (1969) and Ahmad et al (1978), we measured 
pHecf changes at the medullary surface and the associated phrenic nerve responses 
in vagotomized and carotid-sinus nerve (CSN) denervated cats after end-tidal 
C02-forcing (Swanson and Bellville, 1975) 
It was found that the mean time constants of the pHecf (τ, in scheme 1) were 
about 43 and 30 sec (on- and off-transients, respectively), that a central neural time 
constant (τ2 mode 50 sec) is important in determining the overall time constant, 
and that the overall (modal) time constant (τ,) of the tidal volume response is 
about 80 sec 
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BRAIN pHecf AND VENTILATORY DYNAMICS 
Materials and methods 
ANIMALS AND INSTRUMENTS 
26 cats of either sex, weight 2 0-4 3 kg (3.2 ± 0.5, mean ± SD), premedicated with 
ketamine-HCl (25 mg, ι m.) were anaesthetized with chloralose-urethane (50 and 
250 mg/ml, respectively) with an initial (ι ν ) dose of 1 5 ml Further doses of 0.25 ml 
each were given during the course of the experiment, whenever needed (maximal 
3 or 4 times) Immediately after induction of anaesthesia, atropine (0.5 mg, s.c.) 
was given 
After cannulation of the left femoral vein for ι ν drug administrations, ampicillin 
(250 mg in saline) was given to supress infectious reactions of the animal m long-
lasting, non-sterile experiments Furthermore, 5 mg (ι ν ) of dexamethasone was 
given because it is our experience that it lowers the risk of brain edema. A polyethylene 
catheter was inserted into the left femoral artery for systemic blood pressure 
monitoring. At regular times, arterial blood samples were taken and analyzed by 
a blood-gas analyzer (IL 413) to check the acid-base status of the animal. 
A tracheal cannula was inserted at the level below the larynx. The animal was 
placed in supine position on a stereotaxic apparatus. The animal's rectal tempera­
ture was kept at 38 0 C by means of a heating pad 
The right phrenic nerve was dissected and cut below the level of C5. The central 
end was desheathed and placed on a bipolar platinum electrode which was immersed 
m a pool of warmed paraffin oil The efferent electric phrenic nerve activity was 
amplified, rectified and integrated over 40-msec periods When necessary, both 
sinus nerves were severed at its junctions with the glossopharyngeal nerves. After 
exposing the ventral medullary surface the cats were artificially ventilated with 
room air by connecting the tracheal cannula to a constant tidal volume ventilator 
in a closed respiratory circuit (Smolders et al, 1977). Muscle paralysis was mediated 
by ι v. infusion of pancuroniumbromide (8 mg/min) Both vagi were cut at mid-
cervical level 
pH was measured with a combined glass electrode with a flat pH-sensitive surface 
of 5 mm in diameter (Ingold LOT-403-M5, R = 6 ΜΩ at 370C, 90% response 
time < 1 sec) A pH meter (Kmck 645) with an isolated input was used, to prevent 
ground loops Hence, the in vivo sensitivity of the measuring system was essentially 
the same as the in vitro sensitivity (about 59 mV/pHu). Calibration of the electrode 
in vitro was carried out with standard phosphate buffers at 37 °C 
Temperature measurements at the medulla with a thermocouple, fixed at the 
electrode body, had demonstrated in preliminary experiments that under the given 
conditions the temperature at the pial surface varied between cats (35 -37 0C) but 
was constant within half a degree in each animal In the pH range covered, the error 
caused by a small temperature change can be neglected (0.001 pH units/0C at 37 °C, 
calculated from the Nernst equation) 
The electrode was placed as close as possible to the caudal chemosensitive area 
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and its relative position on the pial surface remained constant in all circumstances 
The electrode was balanced in such a way that it applied a constant pressure on 
the surface 1 g on 20 mm2 Thus it could follow vertical movements of the brain­
stem and caused no visible disturbances of the local microcirculation Sidewards 
movement of the electrode was not possible The electrode always was placed on 
a region were no large surface vessels were present, in this way contamination of the 
electrode due to sensing of surface blood vessels could be avoided 
The operation wound was filled with liquid agar (2%) in saline of 40 0C, after it 
was made sure that no bleedings could pollute a pure extracellular fluid measure­
ment This was done in order to limit heat loss from the brain and to minimize 
C0 2 diffusion from csf and ecf into the air 
The following six signals were recorded on a polygraph (Alleo), stored in analog 
form on tape (Philips Analog 7) and fed, via an A/D converter into a computer 
(DEC PDP 11/34) tracheal air flow, respiratory P t o , , respiratory P 0 , integrated 
phrenic nerve activity, pH at the medulla and arterial blood pressure 
EXPERIMENTAL PROCEDURE 
All experiments were performed during normoxia At the beginning of an experi­
ment the ventilator was adjusted to the apneic threshold and ventilation was then 
kept constant during the whole experiment Phrenic nerve activity then was restored 
by adjusting the PET t 0 
A COj up-step was performed by injecting a bolus of 50% CO, and 50% 0 2 into 
the inspiratory side of the respiratory circuit, simultaneously adjusting the capnostat 
(which is an automatic device to control P E T C O , at any desired level (Smolders et al, 
1977)) After about 10 min when a steady state was reached, a CO, down-step was 
brought about by fast injection of air into the respiratory circuit and by simul­
taneously absorbing CO, The procedure was repeated in every animal several times 
under different conditions (c q sinus nerves intact or severed) In some experiments 
also double-steps were performed It was not necessary to produce ideal ΡΕΤ
Γ
Ο step 
changes, because of the nature of the data analysis 
Data analysis 
PROCESSING OF THE DATA 
The data analysis was performed on a breath-by-breath basis and consisted of three 
parts In the first part the pHecf is related to the PET t o,, comparing two different 
dynamic models In the second part the peak value (VT,N neural equivalent of 
tidal volume) of the integrated phrenic nerve activity (IPNA) in peripherally 
denervated cats is related to the pHecf, comparing three models In the third part 
VT,N IS related to PETC02, using one model 
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Τ, η 
рНвсГ 
τ 2 т2 
Scheme 1 Analysing diagram 
( 1 ) Ventilatorv cycle duration, end-tidal P
c o
, and mean (flow synchronous) pHecf 
ш each breath nere determined (data reduction) These latter two signals were fitted 
to two dynamic models (see Appendix). During the fitting procedure the pH-signal 
was shifted over a number of breaths such that the onset of the shifted pH-response 
coincided with the model response to within one breath This was done m order to 
estimate the time constant accurately. The inaccuracy in the determination of the 
response delays with this method is one ventilatory cycle 
(2) The IPNA was smoothed using a 5 point floating mean. From this signal a 
reference level was derived as close to the base line as possible. The burst amplitudes 
VT.N and burst durations of the IPNA were calculated using this level. Again the 
mean (phrenic nerve synchronous) pHecf in each burst was calculated The burst 
amplitudes and the pHecf were fitted to the models. The measured pH is considered 
as the central input to the ventilatory controller It was assumed that the neuronal 
delay from the central chemoreceptors to phrenic nerve is about 25 msec, comparable 
with the sinus nerve to phrenic nerve delay (Eldndge, 1972) Because this delay is 
negligible compared with a ventilatory cycle duration, it was assumed in the present 
data analysis that there is no delay between the pHecf and V I , N responses 
(3) When the experimental animals are paralysed and ventilated, the respiratory 
airflon and so PETCO, and the phrenic nerve activity need not be synchronous To 
be able to analyse the phrenic nerve response to changes in P E T ( 0 , , the latter signal 
should be synchronized with the phrenic nerve signal This procedure is as follows-
The P E T C O , signal is generated by the respiratory airflow The highest P c 0 , value 
during the expiratory phase is assigned to the whole of the respiratory cycle to 
represent the respiratory stimulus during this period In this way we get an airflow 
synchronous square-wave-hke signal (fig 1, 2nd trace) This flow synchronous 
signal can be transformed into a phrenic nerve synchronous signal by projecting 
the phrenic nerve rhythm on the flow synchronous РЕТ
С
О, The flow synchronous 
PETCO IS chopped into phrenic nerve synchronous pieces The phrenic nerve syn­
chronous PETC < ), is the mean value of the flow synchronous P E T C 0 , in that piece. The 
time integral of the PbT t 0, signal is not changed by this transformation. 
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/ÍVÍVÍVÍV RESPIRATORY AIRFLOW 
FLOW-
SYNCHRONOUS 
pET,C02 
PHRENIC-
SYNCHRONIZED 
pET,C02 
INTEGRATED 
PHRENIC NERVE 
ACTIVITY 
Fig 1 Transformation of respiratory air flow synchronous PETÇ-Q, to phrenic nerve synchronous Pcic 0 , . 
FITTING PROCEDURE - ESTIMATING TIME CONSTANTS 
In the Appendix the specific reasons for the different dynamic models that we have 
used are given ; furthermore, the criteria for the choice of the models with the best 
description of our results are explained. Only the time constants of these accepted 
models are presented as results. The time constants of the up-step and down-step 
experiments were analysed separately. For each cat a mean up-step time constant 
and a mean down-step time constant were calculated. The distribution of the mean 
pH- and ventilatory time constants thus obtained is not Gaussian. Therefore, in all 
cases comparison of time constants was made with the Wilcoxon matched-pairs 
signed-ranks test. The response delays were also compared by this test. 
Results 
pH MEASUREMENTS 
With our technique, stable pH readings were obtained. In four cats, all the experi-
mental results were discarded, because one of the following phenomena were 
observed : 
- visible swelling (edema) of the brain (judged after each experiment), 
- spontaneous inexplicable (except by disturbance of the circulation) slow changes 
in pH or integrated phrenic nerve activity, 
- visual contamination of the extracellular and subarachnoidal spaces with blood. 
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EXP 820 014 
RESPIRATORY 
AIRFLOW 
(l/mn) 
RESPIRATORY Ц-ц 
(kPa) 
RESPIRATORY P, 
•Oj 
INTEGRATED PHRENIC 
NERVE ACTIVITY 
p H F 
BLOOD PRESSURE 
(.Pal 
Fig. 2. Original tracings of a double CO2 down-step (cat, artificially ventilated, both vagi and sinus 
nerves cut). CO2 was removed from the inspiratory air, keeping ventilation constant. The pHecf response 
delay in this example is 6 sec. 
According to these criteria the results in 22 cats were considered acceptable. In 
6 cats pHecf changes only with intact sinus nerves were measured; in 2 cats C0 2 
up- and down-steps were performed only after peripheral de-afferentation. In the 
remaining 14 cats CO, up- and down-steps were analysed both before and after 
section of the sinus nerves. The raw steady state data of these latter 14 cats are 
shown in fig. 3. An example of an individual run is presented in fig. 2 which shows 
all the original tracings. We paid maximal attention to the accuracy of our measure­
ments. Changes of the mV/pH slope did not occur. In five cats steady-state pHecf 
values obtained in vivo immediately after the surgical procedures, were compared 
with the pH values of anaerobic in vitro CSF samples, taken immediately before 
opening the dura (in both cases the same Pa
c o
,). Differences larger than 0.015 pH 
units were not observed. The reported changes (table 1) of the arterial ECF 
pH-gradients, with changes in Р Е Т
С О
, are also an indication that the measured 
absolute pH values were reliable. It appeared (table 1) that in most cases pHecf 
KET CO2 
pHflff 
75 7 0 
SX 
/ /S ' 
/i'l ' ι ' , ' " " ,/ 
pHlEf 
75 7 0 
SX 
рНкГ 
75 7 0 
big Ч pHccl changes alter мер thangcb m Pi i
c o
 in 14 (.als both before (ы) and aller (sx) section of the sinus nerves Ljpper part Pi-i^o down-sleps, I 
part up steps The same number reler to the same cat in each plot Noie that in main cases after section of the sinus nerves the initial Pt [<
 (, level in the­
cal is higher To be able to inspect this more conveniently the independent variable (Pi r, (, ) is plotted along the y-axis 
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TABLE 1 
pHa and pHecf after step changes in PFT^O. With up-steps the (pHa-pHecf) gradient decreases, after 
down-steps an increase is found Before and after each experimental run an arterial blood sample was 
taken and analyzed In most (all but 4) situations tested pHa is higher than pHecf The difference 
between initial Pa c o , levels of on- and off-transients is significant (ƒ· = 0 003) 
Cat Before After 
Pa c o , (kPa) pHa pHecf Д Р а ^ Л к Р а ) ДрНа ДрНесГ 
С ρ sieps 
822 001 
004 
014 
K18 001 
(ЮЗ 
009 
014 
817 002 
.004 
819.006 
Mean ± SD 
4 16 
421 
3 89 
4.45 
4 68 
4 77 
4.15 
4 80 
4.24 
3 03 
4.24 ± 0 52 
7 343 
7 403 
7 392 
7 346 
7319 
7 328 
7 401 
7 401 
7 408 
7511 
7 331 
7.334 
7 255 
7 292 
7 269 
7 243 
7.323 
7 292 
7.272 
7.471 
+ 061 
+ 1 56 
+ 1 47 
+ 085 
+ 1 78 
+ 1 14 
+ 1 86 
+ 1 51 
+ 1 97 
+ 2 82 
+ 1.56 ± 0 62 
-0 074 
-0 142 
-0.110 
-0 096 
-0 144 
-0 095 
-0.163 
-0.148 
-0.176 
-0.268 
-0.142 + 0 06 
-0.061 
-0.089 
-0 062 
-0 077 
-0 090 
-0.061 
-0 104 
-0.144 
-0 125 
-0210 
-0.102 + 0 05 
Don и steps 
822 002 
007 
013 
818.002 
004 
.013 
015 
817.003 
819 007 
816 009 
Mean ± SD 
4 77 
4.88 
5 10 
5 32 
644 
5 85 
601 
631 
5 85 
6.24 
5 67 ± 0 61 
7.269 
7 302 
7 300 
7.250 
7 175 
7 309 
7 238 
7 253 
7.243 
7.215 
7.258 
7 262 
7.213 
7 209 
7 174 
7.258 
7 195 
7.160 
7 232 
6.825 
-1 44 
-0.92 
-1 27 
-0.64 
-1.64 
-1.71 
-2.33 
-2 07 
-1 93 
-3 06 
-1 70 ±0.70 
+ 0.140 
+ 0.071 
+ 0.092 
+ 0.069 
+ 0.105 
+ 0.092 
+ 0 205 
+ 0.155 
+ 0.167 
+ 0.251 
+ 0.138 ±0.06 
+ 0 028 
+ 0 042 
+ 0.063 
+ 0.033 
+ 0016 
+ 0 060 
+ 0115 
+ 0 081 
+ 0.156 
+ 0.373 
+ 0 097 ± 0 11 
was slightly more acid than pHa. The decreasing gradient with increasing Pa
c 0 , is 
probably due to a combined effect of an increase in CBF, resulting in a decreased 
P( ( ). gradient between ecf and the arterial blood (Pontén and Siesjö, 1966), and an 
increased HCO, gradient (Ahmad et al., 1978). 
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RESPONSE DELAYS 
The response delays were determined as explained in Materials and methods. The 
P E T C 0 , -»pHecf (T, in scheme 1), response delay times are summarized in table 2). 
The mean values given in the upper and lower part of table 2 cannot be simply 
compared: For on-steps, the upper part has an overlap of only 14 cats with the 
lower part; for off-steps this overlap is 13 cats. Therefore, paired comparisons 
were made, using only the mean values of these 14 and 13 cats, respectively: the 
mean on-step delays in these 14 cats with CSN intact and sinus nerves cut were 
7.2 + 1.6 and 7.5 ± 1.3 sec, respectively (P >0.05). The mean off-step delays in the 
13 cats with CSN intact and the nerves cut were 6.9 ± 1.6 and 7.5+ 1.1 sec 
(P >0.05), respectively. From these results together with the results of table 2, we 
conclude that the pHecf response delay after end-tidal CO;, forcing is about 7 sec 
and that, with intact sinus nerves, the down-step delays are shorter than the up-step 
delays. In CSN denervated cats, however, there is no significant difference between 
up- and down-step delays. We could not demonstrate an effect of sinus nerve section 
on the delays. 
In 27 out of the 56 cases in vagotomized cats with intact sinus nerves in which both 
thePET ( 0, -• VT.N (T, in diagram l)and thePETc 0, ->pHecf (T, in diagram 1) delays 
could be determined, T, clearly was shorter than T, ; in 24 cases this could not be 
settled with absolute certainty. Only in 5 out of 56 cases, however, T, clearly was 
shorter than Τ
λ
. In CSN denervated cats, in 54 out of the 65 cases in which both 
T, and Τ, could be determined, it was impossible to distinguish a lag between the 
pHecf -»Υτ,Ν response delay (T
:
) and T,. In 10 cases there was a small difference 
between T, and Τ, (T, >T | ) . Only in one case a VT,N change was observed prior to 
TABLE 2 
Averaged response delays of medullary pHecf after end-tidal COi forcing in artificially ventilated 
vagotomized cats with intact and cut sinus nerves N number of cats Data in each cat were averaged 
and used as a single value In parentheses total number of on- and off-steps involved in calculating the 
mean values The (two tailed) /"-values are obtained by paired comparison of the mean values in 
each cat 
CSN intact 
Mean + SD 
N = 16 
CSV cut 
Mean + SD 
N = 16 
P u с o. -*pHecf 
On steps 
7 4 ± 1 5 sec 
(40) 
7 6 ± 1 3 sec 
(41) 
response delays (Τ,) 
Off steps 
6 8 + 1 4 sec 
(42) 
7 7 ± 1 3 sec 
(42) 
Ρ 
0 05 
>0 05 
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a pHecf change. Moreover, it was a consistent observation that at any moment 
during the transients pHecf was closer to its new steady state than was IPNA. 
Taken these results together it seems that the observed pHecf changes in CSN 
denervated cats are fast enough to act as stimulus for the observed ventilatory 
changes. Peripheral chemodenervation in most cats prolonged thePET^,,-» VT,N (Τ,) 
delay only 2-4 sec: before section of the sinus nerves most of the (T,) delays were 
between 0 and 5 sec; after section a delay between 5 and 10 sec was observed. This 
delay difference was probably small enough to ascribe it to the difference in circu­
lation time to the carotid bodies and to the central chemoreceptors. 
TIME CONSTANTS 
/. PETCO. -»pHecf (τ,) 
The results of the calculations of the pHecf time constants are summarized in 
table 3. For the reasons explained in the Appendix we chose an alinear first-order 
differential equation as the best description of our results. In cats with intact sinus 
nerves the difference of the (averaged) pH time constants between P
c 0 , up- and 
down-steps, appears to be significant {P = 0.05 in 20 cats). For down-steps we found 
a mean time constant of 35 sec (mode about 30 sec) and for up-steps a mean of 43 sec 
(mode about 40 sec. see table 3). Again, as with the pHecf response delays this 
difference is less pronounced or absent in CSN denervated cats (P = 0.3 in 15 cats) 
possibly because initial PaCC), levels were closer together. An effect of cutting the 
sinus nerve on τ could not be demonstrated. (Ρ = 0.7, paired comparison of mean 
on-transient time constants in 15 cats and Ρ = 0.8 for mean off-transient time 
constants in the same 15 cats). 
TABLE 3 
Averaged time constants of model fit ΡΙΓΤ(·0, ->pHecf (η). Ν: number of cats. Data in each cat were 
averaged and used as a single value The mean values thus obtained are not distributed Gaussian; 
therefore their modal values are given The (two-tailed) P-values are obtained by paired comparison of 
the mean values in each cat 
On steps Down steps Ρ 
CSN mlaa 
N = 2 0 
Mean± SD 43 + 18 3 5 + 1 9 0 05 
Mode « 40 » 30 
CSN tul 
N = 15 
Mean ± SD 
Mode 
44 + 15 40± 19 0 3 
«43 » 3 0 
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CENTRAL TIME CONSTANTS (i2 AND i,) 
2. τ, (pHecf-VT.N) 
We accepted a first-order model with both tonic and phasic sensitivity as the best 
description of our results (see Appendix). 
The results of the estimation of the time constants with this model are listed in 
table 4. The upper two lines give the averaged results for all cats. Two cats had a 
relatively large mean down-step time constant (213 and 176 sec, respectively). This 
greatly increased the mean values for all cats, but did not change the mode. The 
up-step and down-step modes are equal. Also the Wilcoxon test could not show 
any significant difference between the up-step and down-step experiments (P > 0.05). 
Since no significant difference between the up-step and down-step experiments 
were found, on- and off-transients can be treated as one group. The mean time 
constant thus found in the 9 cats in which a paired comparison was possible, is 
69 ± 53 sec and the mode is about 50 sec. 
3. τ, ( P E T C O : ^ V T , N ) 
The first aim of our study was to analyse the P E T C O , -»pHecf and the pHecf -+ VT,N 
responses. Many dynamic studies, however, only relate P
c o
, and ventilation. In 
order to be able to compare these studies with our results, we fitted our ventilatory 
responses with P E T ( 0 as input. With this purpose we only used a first-order alinear 
TABLE 4 
Averaged time constants, found by fitting neural tidal volume VTN to either pHecf or PLT C O. Only 
runs yielding τ <300 sec were analysed On-tranMents (τΐ) and otT-transients (τΐ) arc analysed separately 
N number of cats Data in each cat were averaged and used as a single value The lower part of the 
table gives the result of paired comparisons of cats in which both on- and off-transients could be 
analysed 
Mean 
T T ± S D 
TI + S D 
Mode 
mí 
mi 
(Ν) 
(Ν) 
Pan ed i cat 
τ ΐ < τ 1 
τΤ± SD 
ï i ± S D 
Ρ 
(Ν) 
(Ν) 
ΐτ pHecf -» т s 
53 ± 2 6 (13) 
90 + 66 (9) 
= 50 
= 50 
6 out 9 cals 
48 ± 26 (9) 
90 ±66 (9) 
> 0 05 
t v P F T C O , - . V T N 
101 ± 3 4 (13) 
127 + 66 (13) 
«80 
«80 
6 out 11 cats 
107 ± 2 7 ( l i ) 
118±66 (11) 
> 0 05 
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model and no comparison was made with other models We found no significant 
difference between the up- and down-step experiments (table 4) So the two groups 
can be put together yielding a mean τ, of 112 ± 49 sec and a mode of about 80 sec 
Discussion 
pH MEASUREMNT - CRITICS OF METHOD 
The mam reason why we decided to use a macro pH electrode instead of a micro-
electrode is the following 
If, as was suggested by Schlaefke et al (1970), the output of the central chemo-
receptors converges in area S, it is conceivable that this area yields an integrated 
input to the respiratory centres When the central chemoreceptors are spread out 
over a large area within the medulla (as suggested by Cragg et al, 1977), this means 
that this integrated input signal comprises information about the extracellular 
ionic environment of a large area, larger than 50 μχη (mean capillary distance; 
Lierse, 1961) So, one should expect that local differences in pH, confined to smaller 
areas ( < 50 μτη) will not result in an immediate dramatic change in output from 
area S Only when, within a certain time span, pH changes in a sufficient large 
area are measured, the output will change considerably Therefore, area S can be 
compared with a macro-electrode, averaging changes in a large area, and the central 
chemoreceptors can be considered as micro-electrodes, sensing only local changes. 
According to this view then, only the macro-electrode would contain the actual 
relevant afferent information Most authors agree upon the existence of open 
connections between the subarachnoidal and extracellular spaces (see Dermielze!, 
1976) Of course, by placing the electrode in the subarachnoidal space, it is impos­
sible to perform measurements in the ecf Therefore, in agreement with Loeschcke 
and Ahmad (1980), we assume that the thin fluid layer beneath the electrode is in 
equilibrium with the ecf So, at best, our measurements can be considered only as 
representative for ecf However, we have applied strict criteria to meet this These 
criteria are discussed below 
IS THE FLUID INVESTIGATED REPRESENTATIVE FOR ECF'' 
If the measured pH plays a significant role in respiratory regulation then at least 
it has to change fast enough to account for observed changes in ventilation. From 
our data we conclude that the observed pH-response delays meet this criterion In 
fact, in CSN denervated cats, the start of the observed changes in VT,N was found 
to precede the start of pH change only in 1 out of 65 cases In 10 runs, however, 
there was a small delay (between 2 and 5 sec) between ΔρΗ and ΔΥτ,Ν In most 
cases (54 out of 65) there was no demonstrable delay between the two responses. 
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So clearly, there is a difference between our ecf measurements and those in csf of 
Lambertsen et al (1965), Loeschcke and Sugioka (1969) and Cragg et al (1977) In 
many of their cases (depending on the site of the electrode) the pH response delays 
after Pa t o changes have shown to be longer and even to exceed the ventilatory 
delays Also important with reference to the above criteria is our finding that 
during the transients, at any moment, pH is closer to its new steady state than is 
VT,N. Therefore, the measured pH changes can act as input to the ventilatory 
controller This does not apply to pH changes in the csf in comparable conditions 
(Lambertsen et al, 1965) The fact that the observed pH time constants are small 
(about 40 sec) is a clear indication that we measured in a fluid with different 
pH dynamics than the bulk csf· the time constant in csf examined by several 
authors has been shown to be much longer (several minutes) (Lambertsen et al, 
1965; Loeschcke and Sugioka, 1969). Loeschcke and Ahmad (1980) using the 
same technique as we did, found much larger time constants when the pH elec-
trode was lifted up from the surface, resulting in measurements in csf rather 
than ecf. 
The above arguments are sufficient indications to us that we have measured pH 
changes that are representative for changes in the ventilatory stimulus (H4 ) in the 
fluid surrounding the central chemoreceptors 
RESPONSE DELAYS 
pHecf response delay 
The pHecf response delay after end-tidal CO:-forcing was found to be between 
7 and 8 sec in all but 10 cases, in which the delay exceeded 10 sec (13 sec was the 
maximum) In these cases, however, the analysis of the dynamic response revealed 
a large time constant ( > 300 sec) as well, and hence these runs were discarded 
There are several arguments in favour of the circulatory origin of the response 
delay: 
(a) A 7-8 sec lung to jugular bulb circulation time agrees reasonably well with 
a measured lung to carotid artery delay of 6 sec in cats, reported in the literature 
(Nims and Marshall, 1938; Purves, 1966). A difference of 1-2 sec between the 
circulation times to the carotid bodies and the central chemoreceptors in cats is 
comparable with the known difference in humans of about 4 sec (Kuhn, 1962). 
(b) The same or comparable delay times have been reported for another brain 
region (cortex) (Cragg et al, 1977, Ahmad et al., 1978). 
(c) In cats with intact sinus nerves, we could demonstrate a significant shorter off-
step delay. This could be caused by a higher initial CBF level, just before a PFTC O , 
down-step. (To prevent apnea after sinus nerve section, the PFTC O , had to be 
adjusted to a higher level ) The CBF response to Paco, changes is too slow to change 
the delays (Vis and Folgenng, 1980) In CSN denervated cats, however, this dif-
ference did not become manifest in a shortening of the down-step delays. This then 
could be due to a less pronounced difference in initial CBF levels 
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(d) It should be borne in mmd that time lags caused by the interstitidl equilibration 
of the CO, dehydration reaction in the cerebral interstitial fluid, do not exist There 
is ample evidence for the presence of carbonic anhydrase in glial cells and in the 
choroid plexus, and for a fast bicarbonate chloride exchange between ecf and the 
intracellular fluid (Ahmad et al, 1978. Loeschcke and Ahmad, 1980) 
In conclusion, the time lag between a change in Pa
c o
, and an associated change 
in pHecf in the brainstem, is determined solely by a circulatory delay 
Phrenic nerve ι espanse delay 
It was a consistent observation that the phrenic nerve response delay in CSN 
denervated cats is longer than in cats with intact sinus nerves The difference in 
the delay within cats before and after peripheral deafferentation as found in the 
present experiments (about 2-3 sec) is compuFable with a delay difference of 4 sec 
found in dogs (Berger et al, 1973) and is small enough to attribute it to a circulatory 
delay difference to the carotid body and to the brainstem (see above) The response 
lags of about 7-8 sec in CSN denervated cats found by us, agree well with those 
found by Ahmad et al (1978) The difference between the phrenic nerve response 
delays in our cats and those reported by Borison and McCarthy (1973) could be due 
to a difference in methods used to estimate the response lag shifting of records 
vs linear extrapolation 
TIME CONSTANTS 
PET ( 0 - p H e c f i i , ) 
The best mathematical description of the pHecf response in the brainstem after 
changes m P E T C O IS a nonlinear first-order differential equation 
Because generation of an ideal P a
c 0 step in the brainstem is impossible with our 
experimental set-up, the actual P E T { 0 , signal was used in the parameter estimation 
procedure Therefore, the calculated values of τ and g can be considered as accurate 
estimations of the model parameters 
The time constants found by us cannot be compared with those in cisternal csf 
measured by Lambertsen e/ al (1965) and Loeschcke and Sugioka (1969) However, 
the latter authors also found fast pH responses in csf at the surface of the choroid 
plexus of the fourth ventricle, very close to the regions of central chemosensitivity. 
The modal time constants reported here, about 30 sec for CO, off-transients and 
40 sec for on-transients, are in good agreement with those reported by Loeschcke 
and Ahmad (1980) who used a comparable technique. Although they reported a 
mean time constant of 42 9 sec for on-transients and 39.6 sec for off-transients 
(9 experiments in three spontaneously breathing cats), they did not interpret this as 
an asymmetric transient response 
We conclude that, again as with the pH response delays, diffusion limitations and 
lags caused by slow chemical equilibration are unimportant in determining τρΗ 
This is supported by the following arguments 
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(a) Data from the literature indicate that chemical equilibration in the extra­
cellular fluid is fast presence of carbo-anhydrase in glia cells and fast HCOr/Cl" 
exchange between ecf and glial intracellular fluid (see Ahmad et al, 1978) 
(b) The capillary density in the brain stem is very high, the mean intercapillary 
distance has been estimated to be 40-50//m (Lierse, 1961) CO
:
 diffusion equilibrium 
is established within a few seconds, whereas we found a time constant as large as 
40 sec This means that the pH dynamics are perfusion limited and so are equal 
anywhere within the brainstem This seems to make a macroscopic non-uniform 
dynamic pH response within the brainstem highly unlikely Therefore, the existence 
of different anatomical categories of central chemoreceptors with very distinct 
features as to the dynamic changes in their chemical environment, as suggested by 
Gelfand and Lambertsen (1973), seems very unlikely to us The results of Cragg 
el a! (1977) are in contrast with our view of homogeneous pH dynamics Complete 
comparison between their and our results is not possible because they did not 
determine time constants Part of the inhomogeneity of their responses may have 
arisen from contamination of their micro-electrode tips following tissue distortion 
(due to the fact that the tips of the micro-electrodes were much larger than the 
interstitial clefts) This could have resulted in large electrode response times 
Furthermore, Cragg et al (1977) reported brain edema occurring frequently This 
could have resulted in serious impairment of the circulation of different brainstem 
regions and large circulation times (or no response at all) Part of the pH gradients 
in the medulla, reported by Cragg could be a reflection of the gradients in micro­
scopic regions with a diameter < 40 μιη. Within such regions probably also small 
differences in pH dynamics exist 
From our results it can not be stated that τ, is only simply inversely related to 
the prevailing CBF at the start of the transients τ, would also be expected to depend 
on the buffering capacity of the blood The CBF response per se also cannot play 
a role in the determination of τ, this response is not instantaneous and has a time 
constant varying from 41 to 339 sec (Vis and Folgering, 1980), too slow to influence 
the pH time constant The above reasoning that the pH dynamics are homogeneous 
within the brainstem supports our hypothesis that the measured pHecf can be 
considered as the central ventilatory stimulus 
Central neural time constant pHecf -» VT,N (τ
:
) 
We measured the central chemical stimulus (pHecf) and used it in the parameter 
estimation procedure 
Of the models tested, the phrenic nerve response is described best by a first-order 
model with both tonic and phasic sensitivity This model yields a rather large time 
constant, but, owing to the phasic sensitivity a fast response rate is possible the 
response contains an instantaneous component, independent of the time constant. 
The time course of this instantaneous component can never be faster than the 
time course of the pHecf (τ « 40 sec) So this could explain why the dual response 
found by Gelfand and Lambertsen (1973) and Milhorn and Reynolds (1976) with 
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response components much faster than pHecf dynamics (assuming in humans and 
cats pHecf time constants of the same order of magnitude) probably arises from 
analyzing artifacts 
The model with phasic sensitivity also has been used by us in the description of 
the phrenic nerve response to electrical sinus nerve stimulation (Vis and Folgering, 
1981) The fact that in both cases (central and peripheral stimulation) the response 
can be described by the same model, which in addition yield fairly comparable 
time constants in both cases, could be due to a similar central processing of 
peripheral and central input However, in the present experiments we found no 
evidence of afterdischarge the on- and off-transients are symmetrical, but the 
phasic sensitivity remained This symmetrical behaviour possibly was caused by a 
too slow time course of the pH on- and off-transients A similar phrenic nerve 
response, without asymmetry was also found by Schlafke and Loeschcke (1967) 
after blocking and unblocking of central chemoreceptor input by alternately (rela­
tively slow) cooling and warming of area S However, electrical stimulation of 
area M as shown by Loeschcke et al (1970) resulted in a clear afterdischarge 
Additionally it should be mentioned that our experiments are carried out in hyper-
capnia, in which condition the afterdischarge is less clearly discernable and even 
can disappear (Vis and Folgering, 1981) 
Overall central time constant PET C ( ) -> VT.N (τ,) 
To be able to compare our results with those of others, we also determined the 
overall central time constant (mean 112 sec, mode Ä 80 sec) As to the experimental 
and analyzing techniques, our results are compared best with those of Daubenspeck 
(1973) Using a linear model he found a mean time constant of 112 sec. Bonson 
and McCarthy (1973) found a mean overall central response half time of 28.6 sec, 
but greatly underestimated their t , , , due to their analyzing technique (Swanson 
and Bellville, 1975) In humans, Gelfand and Lambertsen (1973) found an overall 
central time constant of about 107 sec (mean). Swanson and Bellville (1975) found 
75 sec (on-transient) and 138 sec (off-transient). 
In most studies cited, the mean time constants are not distributed Gaussian The 
mean time constant therefore is not representative for the actual time constant. 
So, to facilitate comparison of different studies, it should be recommended to report 
also the modal time constants 
Final сопсітіопч All previous efforts to link the dynamic ventilatory response 
implicitly to dynamic changes in Pa
c o
,, CBF of pHecf (csf) have not succeeded 
In our opinion this could be caused by neglecting the dynamic characteristics of 
the respiratory controller, namely the existence of a neurally mediated central time 
constant 
In determining the dynamic ventilatory response after Pa
c o
 changes we have 
shown this central time constant ( » 50 sec) to be about equally important as pHecf 
dynamics (τ 30-40 sec) The topography of the central chemoreccptors, referred 
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to as their functional location relative to blood or csf, is in our opinion of minor 
importance in this situation, because the medullary pH dynamics are perfusion 
limited and hence are the same throughout the brainstem. Another reason why 
the exact location of the central chemoreceptors is of minor importance might be 
found in the way the output of the central chemoreceptors is processed - inte­
gration in area S for example. We agree with Cragg et al. (1977) that the central 
chemoreceptors could lie anywhere in the medulla, but we have come to this view 
for quite other reasons. Anyway, it can be concluded that dynamic ventilatory 
responses cannot be used to elucidate the 'functional location' of the central 
chemoreceptors. From the present results no inferences can be made about existing 
functional gradients between ecf and csf in steady-state conditions. In addition, 
in our opinion it is not necessary to explain our results and those of others by 
assuming the participation of a putative second anatomical category of central 
chemoreceptors to the dynamic ventilatory response to Pa
c o
, changes. 
Appendix 
To minimize errors caused by the model approximations only deviations of the signals from the starting 
levels were considered stimulus and response ( ΔΡρτ( 0 . , ДрНесГ, Д т л ) The starling levels in each run 
were the mean values during the first three respiratory periods. 
The models used are (Y. response, X: input) 
Modell Y + T - J - = g | X dt 
As a first order approximation of a dynamic system, this linear first-order model is widely used 
Model 2. Y + i ^ = g,X + g,X2 
dt 
Model 2 is a first-order approximation of a first-order system with a nonlinear steady-state transfer 
function. This model is used because the steady-state transfer function, relating Ріл^о, to pHecf, may 
not be linear 
Model3 Y + t £ . f c X + i « . * ( x + « ^ ( ^ χ 
The central chemoreceptors of the respiratory controller may have phasic sensitivity; model 3 has both 
tonic and phasic sensitivity. The response of this model has an instantaneous component ( Y = — X J 
and a slower component determined by the time constant τ. This model is used to study the VT.N response 
to changes in pHecf. It was also used to describe the central ventilatory response to electrical stimulation 
of the sinus nerve (Vis and Folgering, 1981) Phasic sensitivity of the arterial chemoreceptors could 
contribute to exercise hyperpnea, as suggested by Saunders (1980). 
The differential equations were integrated using a second-order Runge-Kutta scheme A least-square 
error criterion was used to determine the time constant τ and the sensitivities g. The parameter space 
(t, g) was searched by a damped Gaus-Newton search algorithm for the best fit It is not possible to 
estimate time constants larger than the measuring time (5 10 mm) Hence, fits yielding a time constant 
of over 300 sec were deleted 
Models I, 2 and 3 were compared by performing the Wilcoxon matched-pairs signed-ranks test on 
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dislnbution in time of the residual errors This was done by dividing the model response by the measured 
response and visual inspection of the result (sec fig 4) 
The fitting procedure ot the time constant is most sensitive during the initial part of the response By 
dividing the model response and the actual response the distribution of the residual error in this initial 
part stands out more clearly than when subtracting the responses This is done lo compare the goodness 
ol fit ot diflcrent models yielding the same residual error 
Applying the above methods to our data, wc accepted the following models as the best in the three 
separate cases of the data-analysis 
( I> Pi r
c o
 ->pHecl (η) ilw alinear fini-order model (model 2) Only models 1 and 2 were compared 
Of these, fitting to model 2 yielded a consistently smaller residual error per degree of freedom 
(P < 0 005 lor on- and off-steps both in CSN intact and severed condition), the diflerence with model I 
being far too large to be due solely to the introduction of one extra parameter Moreover, visual 
inspection of the fitting results of model 2 by dividing the model response by the measured response 
(Μ/ΔρΗ in fig 4a), shows a more even distribution around the identity line 
(2) рНесГ-> т \ (τι) the ßrti-order model »ilh both ionic and phasic ¡ensuivit) (model 3) Models 2 
and 1 fitted about equally well when comparing the magnitude of the residual error per degree of 
α 
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Irccdom They both lilted sigmticantly belter than model 1 (P < 0 01) except model 2 for up-step experi­
ments Visual inspection of models 2 and 1 yielded a better distribution around the identity line in case 
ol model Ч (М/Д г \ in fig 4b) It was decided then to accept model 1 as the best description of our 
results 
(Ì) PET ( (, -» тіч (τ,) the almeai /trst-ordei model (model 2) In fact, only this model was used, for 
reasons given in the text Fig 4c shows the visual inspection of the model 
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C H A P T E R I V 
EFFECTS OF RESPIRATORY AND (ISOCAPNIC) METABOLIC ARTERIAL 
ACID-BASE DISTURBANCES ON MEDULLARY EXTRACELLULAR 
FLUID pH AND VENTILATION IN CATS 
L.J. TEPPEMA, P.W.J. A. BARTS, H.Th. FOLGERING and J.A.M. EVERS 
Depai imeni o/ Phx iiology. University o/ Ni/megen, Ρ O. Box 9101. 6500 HB Nijmegen, The Netherlands 
Abstract. Ventilation is influenced by the brain extracellular fluid (ecf) pH which is sensed by the 
central chemoreceptors In the present experiments we have investigated to what extent ventilatory 
effects of brain ecf pH changes depend on the origin of these pH changes With this aim we have 
compared the effects of'respiratory* (via changes in P a
c 0 , ) and 'metabolic' (via isocapnic pHa changes) 
ecfpH changes on steadystate ventilatory activity. Experiments were performed in anaesthetized (both 
artificially ventilated and spontaneously breathing) cats with cut sinus nerves, medullary surface ecf pH 
was measured with a glass electrode with a flat pH-scnsitivc surface. We found that ecf pH changes 
caused by changes in P a t ü , give rise to greater ventilatory responses than the same ecf pH changes 
caused by (isocapnic) changes in pHa Moreover, within the pH ranges measured, isocapnic pHecf-
ventilatory response lines at higher Pa c 0 , are shifted upwards compared with those at lower Pa c 0 , 
levels 
It was concluded that with the present technique it is impossible to show a unique relation between 
ecf pH and ventilation. 
Cats Рзссь changes 
Central chemoreceptors Isocapnic pHa changes 
Medullary surface ecf pH Ventilation 
The function of the brain extracellular fluid (ecf) as a powerful chemical feedback 
signal in respiratory regulation is well documented (Leusen, 1972). The main 
concept in the literature is, that the H h ion acts as the adequate stimulus to the 
chemoreceptors (Loeschcke, 1973; Pappenheimer et a/., 1965; Fencl et al., 1966). 
However, at present the direct evidence for this concept is not available. This is 
caused by the fact that as yet two important related questions are not solved satis­
factorily. In the first place, despite extensive studies the exact topography of the 
central chemoreceptors is still uncertain (superficial location vs location deeper in 
tissue; location relative to the blood brain barrier). Secondly, little is known about 
Aeiepted lor publication I July 1983 
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the processes involved in central chemoreception, although it is clear that H* ions 
have a profound effect and cholinergic mechanisms probably are involved (Dev and 
Loeschcke, 1979) Owing to these limitations it is very difficult to measure the 
actual central chemoreceptor stimulus directly At least this applies to dynamic 
situations, when ionic gradients exist between the brain ecf and the (easy attainable) 
large cavity fluid (csf ) The most cited in vivo evidence for a unique role of H f ions 
in central chemoreception comes from steady-state experiments of Pappenheimer 
and coworkers (Pappenheimer et al, 1965, Fencl et al, 1966), and from the group 
of Loeschcke (see Loeschcke, 1973, Berndt et al, 1972) In their goats, whether 
they were normal or exposed to a chronic metabolic acidosis or alkalosis. Pappen-
heimer and coworkers found a linear steady-state relation between csf pH and 
ventilation With their ventriculo-cisternal perfusion experiments, they were able 
to demonstrate a linear relation between ventilation and a calculated ecf pH, which 
should exist at a location about three fourths along the artificial steady-state 
concentration gradient of bicarbonate between the perfusate and brain capillary 
plasma Clearly these authors had no reason to support a theory (advanced by 
Nielsen, 1936, and Gray, 1946, and recently supported by Bonson et al, 1980) 
proposing another independent respiratory stimulus besides H+ , namely arterial 
CO2 Loeschcke (1974) has supported the concept of a unique central H+ stimulus 
and showed that the apparent independent actions of arterial CO, and H+ ions can be 
explained by the different characteristics of the transmission to the brain ecf of CO : 
and HCO," This leads to far less deviation in medullary ecf pH in metabolic than 
in respiratory acidosis, and consequently to a much smaller ventilation in the 
former than in the latter case In the above context it would be interesting to 
measure this ecf pH and to see whether or not the ventilatory responses are the 
same both in respiratory and (isocapnic) metabolic acid-base disturbances The 
purpose of the present experiments was to investigate this With this aim we 
measured in peripherally chemodenervated cats steady-state changes in ventilatory 
activity and medullary ecf pH which were caused both by respiratory (via Paco,) 
and by (isocapnic, at different Paco, levels) metabolic acid-base changes As in our 
previous experiments (Teppema et al, 1982) we measured medullary surface ecf pH 
with an electrode with a flat pH-sensitive surface. 
We found that the steady-state relations between medullary surface ecf pH and 
ventilatory activity were not the same under different conditions 
Materials and methods 
Animals - instruments 
Fourteen cats of either sex, weight 2 25-4 5 kg (2 78 ± 0 6, mean ± SD), were 
sedated with ketamine-HCl (25 mg, 1 m ) and anesthetised with 1 5- 2 ml chloralose-
urethane (50 and 250 mg/ml, respectively) Three or four additional doses of 0 25 ml 
were given at regular intervals during the operation procedures (not during the 
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experiments) Atropine (0 5 mg, s с ) was given The left femoral artery and vein 
were cannulated for systemic blood pressure monitoring and ι ν drug administra­
tions, respectively To suppress infectious reactions, ampicillin (i.v , 250 mg in 
saline) was given, dexamethasone (5 mg, ι ν ) was administered because in our 
experience, it lowers the risk of brain edema Rectal temperature was maintained 
at 38 °C The upper trachea was reflected and the ventral medullary surface was 
exposed by opening the dura We used both artificially ventilated cats (n = 8) and 
spontaneously breathing animals (n = 5) Only the paralysed cats were vagotomised 
at midcervical level, their right phrenic nerve was dissected and cut below C5. The 
central end was desheathed and placed on a bipolar platinum electrode in a pool 
of warmed paraffin oil The efferent phrenic nerve activity was amplified, rectified 
and integrated over 40 msec periods The signal was used as the neural equivalent 
of the tidal volume (VT,N) Artificial ventilation with room air in these animals 
(which were paralysed by pancuronium bromide, 8 mg/min, ι v.) was performed by 
a constant tidal volume ventilator in a closed respiratory circuit in which the 
end-tidal partial gas pressures could be maintained independently at any desired 
level (Smolders et al, 1977) The same respiratory circuit could be switched to 
connection with a spirometer (volume. 200 ml), via a respiratory flow meter In all 
cats both sinus nerves were cut a their junctions with the glossopharyngeal nerves 
pH at the ventral medullary surface was measured with an electrode with a flat 
pH-sensitive surface (Ingold LoT-403-M5, diam = 5 mm) A pH meter with isolated 
input was used (Knick 645) Calibration of the electrode in vitro was carried out 
with standard phosphate buffers at 37 ''C. Further details on the pH measurement 
and the careful positioning of the electrode on the medullary surface are given 
elsewhere (Teppema et al, 1982) The operation wound was filled with liquid 
agar (20(/)) in saline of 40 0C, in order to limit heat loss from the brain and to 
minimize C0 2 diffusion into the air 
Experimental pi ocedure 
Both before and after section of the sinus nerves, P E T 0 was lowered to about 6 kPa, 
in order to be sure that no remaining carotid body chemosensitivity could influence 
our results The experiments in the ventilated cats were performed in normoxia 
However, the spontaneously breathing animals, which had intact vagi, were made 
hypcroxic ( P E T 0 >45 kPa) In 10 animals a steady-state response curve was 
recorded only by changing the PFT t o, level ('respiratory' response curve) At least 
15 mm elapsed between successive steady states 
The protocol of the isocapnic metabolic acid-base disturbances was as follows 
at each elevated, constant P E T ( 0 , level at least 30 min was waited before starting 
the inlusions This constant P E T C O level was not changed until the entire metabolic 
response line at this P
c o
, was recorded To induce metabolic acidosis and alkalosis, 
isotonic 0 15 N HCl, and a 1 M NaHCO, solution were infused intravenously. In 
all animals the infusions were performed isocapmcally by adjusting the level of the 
inspiratory P
c o
 (Smolders et al, 1977) The infusion rates varied between 0 075 
- 7 2 -
L J ТЬРРЕМА ei cil 
and 1 O ml/min for the bicarbonate, and between 0 1 and 2 0 ml/mm for the HCl 
solution The total duration of each infusion depended on the time course of the 
ecf pH response if, after stopping the infusion after 5-7 mm (in some cases of 
HCl after about 10 mm), there was a long-lasting tendency for the ecf pH to be 
compensated back to the pre-infusion value, in addition a very slow infusion rate 
was maintained (0 075 or 0 1 ml/mm) This eventually led to very stable ecf pH 
values The total volume of each infusion was small: ^ 7 ml for the bicarbonate 
and < 12 ml for the HCl In fig 1 an example of an HCl infusion is shown 
After stopping the infusions or otherwise after adjusting the slow infusion rate, 
enough time was waited before a new steady state was reached In most cases this 
took about 20 min (so this means from the end of the infusions until the beginning 
of the steady-state period) Such a steady-state period, thus occurring at least 
20 mm after the induction of the arterial metabolic acid base disturbance, was 
defined as a period of at least 5 mm in which neither ecf pH changes greater than 
0 005 pH unit (pHmax - pHmin < 0 005 pH unit) nor ventilatory changes (c q 
visible tendencies for the ventilation to increase or to decrease) occurred 
At each steady state an arterial blood sample was analyzed (IL 413) When desired 
this whole procedure was repeated at another, constant Р ы
с о
, level. The sequence 
of the respiratory and metabolic response lines was varied between cats As stated 
above, during the recording of the entire metabolic response lines, no intermittent 
changes in Р ы
с о
 were allowed to take place Six signals were recorded on a 
polygraph, stored in analog form on tape and after A/D conversion analyzed by a 
computer tracheal airflow, respiratory P 0, and PET t o,, integrated phrenic nerve 
activity (IPNA) or tidal volume (spirometer signal), pHecf and arterial blood 
pressure. 
Data analysis 
1 Ventilatory parameters. Data were analyzed on a breath by breath basis For 
artificially ventilated cats the peak amplitude of the electronically integrated phrenic 
nerve signal (VT,N) was calculated with respect to a base level (Teppema et al., 
1982) The integrated nerve activity was smoothed by convolution with a weighing 
function (P310-window, Otnes and Enochson, 1978) with a width of 5 points. 
Location and height of the peak amplitude were determined by a quadratic inter­
polation over five points located around the peak Thereafter mean VT,N (± SD) 
was determined over the last 3 mm out of a steady-slate period 
In the spontaneously breathing animals, tidal volume was calculated by inte­
gration of inspiratory flow Start and end of the inspiratory period (positive flow) 
were determined by calculating the zero crossing points by linear interpolation 
Mean VE was then calculated The spirometer signal in these cats only was recorded 
for visual control during the experiments. In figs 3-6 only ventilatory data of the 
last 3 mm out of a steady-state period are shown 
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Fig. I. Typical example of the experimental protocol ol an isocapnic metabolic acid ba->e disturbance 
An original recording of an HC 1 inlusion is shoun Al arrow I the infusion is started (rate; 0.5 ml mm), 
at arrow 2 (4 mm later) the infusion rate was changed to 1.5 ml mm: at 3 (again 6 mm later) the 
infusion was stopped. Soon alter this moment both eel pH and ventilation became stable. The last 
5 min of the record are considered as a steady-state period, the beginning of which is 20 min after the 
termination of the infusion. The lower pan is the immediate continuation of the upper part 
2. Response curves. The steady-state points of the 'respiratory' and 'metabolic' 
response lines were fitted by a weighted linear least-square regression analysis (the 
weight factor of each point was the reciprocal of the standard deviation). In order 
to test for differences between regression lines obtained from one cat a standard 
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/-test and an extended, modified Mest (Zerbe et al, 1982) were used respectively 
the standard /-test was used to compare the slopes of regression lines and the 
modified /-test was used to calculate a pH range over which there was a significant 
vertical difference between lines 
Results 
We applied strict criteria as to the accuracy and reliability of the ecf pH measure­
ments These criteria, in particular with respect to technical aspects as well as to 
the condition of the animals, were given previously (Tcppcma et al, 1982) Shortly, 
attention was paid to the occurrence of brain edema, blood contaminating the ecf 
space and spontaneous changes in pHecf and ventilatory activity In one cat a 
slight brain edema was observed after the experiment, the results of this cat were 
discarded The results of 13 cats were considered acceptable To prevent aspecific 
(; e , not related to chemoreceptor stimulation) effects of severe metabolic arterial 
acid-base disturbances, pHa was kept between 7 20 and 7.55 as much as possible 
In two cats pHa exceeded these limits, but these periods ofrelative severe disturbances 
were kept short (< 10 mm) (No indications of hemolysis were found in these cats ) 
As in our previous experiments (Teppema et al, 1982), pHecf nearly always was 
more acid than was pHa The pHa pHecf difference depended on the experimental 
conditions thus in metabolic alkalosis (especially at low Pa
c 0 ) differences as great 
as 0 2 0 3 pH unit were frequently observed, while in metabolic acidosis (especially 
at higher Pa
c o
 levels) they were much smaller (frequently smaller than 0 1 pH unit) 
and occasionally even turned into negative values This behaviour of thepHa - pHecf 
gradient indicates a protection of the brain ecf against arterial acid-base dis­
turbances, in which the blood-brain barrier undoubtedly plays an important part 
Using the method of Rapoport et al (1972) we tested the integrity of the blood-
brain barrier at the termination of four experiments In three out of the four animals 
tested, intravenously injected Evans Blue (2 ml/kg in Ringer, 0 02 g/ml) did not 
extravasate into the superficial medullary brain tissue The remaining cat, m which 
at a few locations Evans Blue extravasated (grade+ , Rapoport et al, 1970) was 
the same animal in which a slight edema was observed (see above - results of this 
cat were rejected) 
We started the present series of experiments with artificially ventilated cats 
Because we found pronounced differences between 'respiratory' and 'metabolic' 
pHecf changes on phrenic nerve activity, we wished to see whether this also could 
be demonstrated at the level of minute ventilation Therefore, we switched over to 
spontaneously breathing cats 
Figure 2 shows the effect of an isocapnic metabolic pHa change and a respiratory 
pHa change respectively on medullary ecf pH and ventilation in a spontaneously 
breathing cat (cat 917) From figs 3-6 in which steady-state response lines are 
shown, it is clear that it makes a difference to the ventilatory response in which way 
^'тііщ^т!^іхіі£тітш№ішшякшгат»іитшиітщттшя»т^ -< 
Fig. 2. Original recording of medullary surface ecf pH and ventilation in a spontaneously breathing cat 
(cat У17) during an isocapnic arterial alkalosis (left) and after respiratory alkalosis (decrease in P n ( 0 . 
right). The downward pulses on the left BP signal coincide with changes in the i.V. perfusion rate (max 
1 ml min ') of the NaHCO, (1 M) solution Although at the end of these recordings a complete 
steady state as defined in Materials and Methods was not yet reached, the difference between the left 
and right indicate a difference in ventilatory response (Д ь/ДрН) between metabolic and respiratory 
alkalosis. 
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Fig 3 "Meubolic" pHecl V i,s responses lines at two dillerenl Ρ^
Ό
 le\els in an arlificially ventilated 
cat (cat 9()9) Statistical analysis revealed a signilicant vertical dil'lerence between bolh lines in the pH 
range 7 049 7 420 (Λ<0()1. see table 2) Ihe 'respiratory' steady-state points (mean ± SD) are also 
shown, because in this example very clearly Ihey are not on a straight line, no linear legression analysis 
was performed 
(via Pa,,,, or via pHa) medullary ccf pH is changed. In short, fitting the steady-slate 
points to a linear equation yields the following results. (1) The slope of the 
pHecf-ventilatory response line depends on the origin of the pHecf change, being 
greater if pHecf is changed via Pa< 0 . The slopes of the various metabolic lines 
within cats are the same. (2) Within the pH ranges measured, the vertical position 
of the metabolic lines depends on the average Pa^, : the vertical distances are 
proportional to the differences in Pa ( 0 . levels. 
The equations relating pHecf and ventilatory activity are given in table 1 
('respiratory' lines) and table 2 ('metabolic' lines). In addition, also regression 
analyses were performed to our data plotted on semiloganthmic coordinates, and 
using [H*] as independent variable; this, however, gave no improvement of the 
fits. With a few exceptions (e.g.. see fig. 3), the data fitted to a straight line reason­
ably well. We do not consider this as evidence of a true linear relation between 
medullary surface ecf pH and ventilation; we rather use the calculated lines as a 
hold to be able to describe differences between the different response lines more or 
less quantitatively. Table 1 (right part) shows that the difference between the slopes 
of the respiratory (R) and metabolic (M) lines is significant in all but one cases 
(R-M2 in cat 913). Table 2 shows that the slopes of the different metabolic lines 
are equal, except in cat 911; however, there is a vertical difference between lines 
which, within thepH ranges given in table 2, is significant (except in cat 913; cat 917 
52 
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Ь ig. 4 Metabolic (lell) and respiratory (right) pHecf- ventilatory response lines man artificially ventilated 
(top) and a spontaneously breathing cat (bottom). For statistics sec tables 1 and 2. 
is a special case because at each Pa
c o
, level there are only three steady-state points, 
see also fig. 6). 
Discussion 
In agreement with other authors using the same technique, we assume that with 
a stable, properly balanced position of the electrode on the ventral medullary 
surface, the thin fluid layer beneath the electrode is in equilibrium with the ecf 
(Locschcke and Sugioka, 1969; Loeschcke and Ahmad, 1980; Javaheri et al., 1981). 
Of course the electrode could sense a mean pH value reflecting pH and P( 0 , in 
pial vessels as well as in the fluid in the large extracellular spaces which are in 
contact with the subarachnoidal space. However, the central chemoreceptors then, 
could sense this mean value as well. As we explained previously (Teppema et al., 
1982) we preferred to use a macro-electrode (instead of a micro-electrode) which 
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TABLE I 
pHc'Ll venli]jtor> response lines obtained by (.hanging P n
c o
 ( respiralory response lines R) + > = 
Vi \ (arbitrary units) * y - V i ( m l mm ') N = number of steady state data points torr = correlation 
coetficient In the right column the slopes οΓ the respiratory and metabolic (for equations ol metabolic 
lines see table 2) lines are compared \<)/t that llu (oni-iailid) Ρ iiilius an Í \ / ; I ÍNU( / HI ¡xuciilagís 
Statistical tests were done according to Zerbe <i al (1982) The zero hypothesis was that the R and 
M slopes are equal 
Cat no 
908 R ' 
909 R + 
912-R 
9 n - R + 
914 R* 
915-R* 
916-R* 
919-R* 
920-R* 
917-R* 
Regression 
a 
212 
line y(x) 
b 
- 2 9 4 
no linear regression 
141 
45 
67 
67410 
15210 
24200 
21460 
52700 
- 1 9 9 
- 6 1 
- 9 4 
-9229 
-4734 
-1220 
-1105 
-7107 
= a + bx 
corr 
0 99 
(see fig 2) 
0 85 
0 99 
0 96 
091 
0 80 
0 98 
0 99 
0 97 
N 
7 
8 
10 
7 
9 
7 
6 
6 
7 
7 
pH range 
7 068 7 197 
7 055 7 105 
7 041 7 166 
7 150 7 130 
6 942 7 101 
7 127 7 230 
7 110 7 269 
7 196 7 375 
7 287 7 485 
7 110 7 340 
Slope dilference 
Comp 
R M l 
R M2 
R M l 
R M2 
R M I 
R-Ml 
R M2 
R M l 
R M2 
R M l 
R M2 
R M l 
R M I 
R M l 
R -M l 
R M2 
R M l 
PC) 
< 0 05 
< 0 25 
R > M I 
R > M 2 
0 25 <P<05 
<0()5 
20 < Ρ < 10 
0 05<P<025 
< 0 05 
1 25 <P<2 5 
2 5 < Я < 5 
2 5 < P < 5 
\25<P<25 
< 0 05 
0 5 < P< 1 
0 5 <P<i 
I <P<\ 25 
measures pH changes over a relatively large area In this way we believe to get a 
better impression of the central chemoreceptor input to the respiratory centres, 
which, according to Schlafke et al (1970) converges in area S (and is integrated 
there) It was a consistent observation that the full ventilatory response following 
an (isocapnic) ecf pH change developed within a few (2 5) mm The observation 
that isocapnic changes in arterial [HCO, ] cause relatively fast changes in ecf pH 
in the same direction as plasma pH, has been reported in cats (Loeschcke and 
Sugioka, 1969, Ahmad et al, 1976, Cragg et al, 1977) and in dogs (Javahen et al, 
1981) Schlafke (1976) showed an increase and a decrease in firing frequency of 
superficial medullary neurones in area S following an ι ν infusion of H O and 
NdHCO,, respectively The changes in medullary surface ecf pH we observed after 
isocapnic pHa changes were very reproducible in all animals Therefore, it is clear 
from our results and from those of the a fore-mentioned authors, that a fraction 
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TABLE 2 
pHecf ventilatory response lines, obtained by isocapnically changing pHa. Symbols and abbreviations as in 
table I Statistics Zerbe el al (1982) The zero-hypotheses were that there is no vertical difference between 
the 'metabolic' lines within cats, and that there are no slope differences Ρ = probability (noi in percentages) 
Note that the significant differences exist only within the pH ranges given in the 7lh column 
Cat no 
W 7 + - M I 
- M : 
9 0 8 + - M l 
-M2 
9 0 9 + - M I 
- M 2 
9 I 0 + - M 1 
- M 2 
91I + - M I 
- M 2 
9 I 2 + - M 1 
9 Π + - Μ Ι 
- M 2 
9 I 4 + - M I 
- M 2 
9 Ι 5 · - Μ 1 
- M 2 
9 Ι 6 · - Μ Ι 
9 Ι 9 * - Μ 1 
9 2 0 · - Μ 1 
9 Ι 7 · - Μ 1 
- Μ 2 
- Μ Ι 
Μ Ι - Μ 2 
Μ Ι - Μ 3 
М2-І И 
P a C o , ± SD 
(mm Hg) (π) 
17 0 ± I 2 (6) 
46 9 ± 2 0 (4) 
Я8 2 ± I 2 ( 7 ) 
4« 4 ± 0 6 (4) 
18 0 ± 0 8 (7) 
46 9 ± I 5 (7) 
35 I ± 0 8 ( 7 ) 
45 1 ± 1 4 (4) 
10 5 ± 0 8 (8) 
40 0 ± 1 3 (3) 
1 5 8 ± 2 4 ( 4 ) 
35 7 ± Ι Ι (4) 
41 5 ± 0 9 (5) 
37 1 ± 0 7 (6) 
44 5 + 1 3 ( 5 ) 
41 1 ± 1 6 ( 3 ) 
32 0 ± Ι 8 (3) 
40 9 ± 0 2 ( 3 ) 
38 2 ± 1 1 (4) 
38 3 ± 1 0 (2) 
31 Ι ± 0 6 ( 3 ) 
3 6 6 ± 0 9 ( 3 ) 
41 3 ± 0 3(3) 
y(x) = a + bx 
a 
587 
1681 
48 
47 
8 8 
7 1 
159 
79 
7 9 
32 
22 6 
7 2 
25 2 
23 
22 
39700 
25190 
9157 
13640 
5952 
25970 
16350 
27360 
— 
b 
- 7 9 
- 2 3 1 
- 6 3 
- 6 1 
- 1 1 
- 0 8 
- 2 1 1 
- 9 5 
- I 1 
- 4 4 
- 2 9 
- 0 9 
- 3 3 
- 3 1 
- 2 9 
-5345 
- 3 4 0 6 
- 1 0 9 6 
- 1 7 4 9 
- 7 4 6 
-3378 
- 1 9 8 0 
- 3 4 3 1 
corr 
0 99 
0 98 
0 83 
0 9 0 
0 97 
0 67 
0 9 0 
0 9 0 
0 83 
0 97 
0 77 
0 87 
0 7 1 
0 84 
0 9 1 
0 98 
0 84 
0 9 0 
0 93 
0 96 
0 72 
0 94 
0 98 
N 
6 
4 
7 
4 
7 
9 
7 
4 
8 
7 
4 
4 
5 
6 
6 
4 
3 
3 
5 
4 
3 
3 
3 
pH range 
7 137-7 293 
7 104-7 205 
7 100-7 312 
7 120-7 335 
7 049-7 437 
7 045-7 420 
7185-7 390 
7 099-7 313 
7 106-7 345 
7 080-7 282 
7 150-7 327 
7 076- 7 320 
7 141-7 293 
7 039-7 264 
7 012-7 258 
7 139-7 285 
7 169-7 277 
7 116-7 288 
7 275-7 423 
7 320-7 455 
7 197-7 370 
7 118-7 380 
7 170-7 333 
Vertical diffère 
Range 
7 137-7 175 
7 169-7 312 
7 049-7 420 
7 185 7 313 
7 106-7 239 
-
_ 
7 069-7.242 
7 180-7 244 
-
-
-
-
-
-
:ncc 
Ρ 
« 0 0 1 
« 0 0 1 
« 0 0 1 
« 0 01 
« 0 01 
-
> 0 05 
« 0 01 
0 01 < P < 0 05 
-
-
-
> 0 05 
> 0 05 
> 0 0 5 
Slope 
difference 
Ρ 
0S<P<0\0 
0 90 <P<0 95 
0 30 < Ρ < 0 40 
0 0 5 < / , < 0 10 
« 0 0 0 1 
-
0 20 < Ρ < 0 30 
0 70 < Ρ < 0 80 
0 5 0 < Р < 0 6 0 
-
-
-
0 70 < Ρ < 0 80 
0 98 < Ρ < 0 99 
0 20 < Ρ < 0 30 
(which can amount to about 30% - see also Ahmad et al., 1976, 1978) of acute 
isocapmc pHa changes is reflected in medullary surface ecf. This finding is of special 
importance in relation to the mechanism of respiratory compensation of acute 
metabolic arterial acid-base dearrangements, particularly with reference to the role 
of the central chemoreceptors. A significant contribution of the central chemo-
receptors in this respect is demonstrated by experiments of Borison et al. (1978), 
who found clear ventilatory responses in peripherally chemodenervated cats after 
isocapnic step-changes in pHa. 
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Fig 5 Metabolic and respiratory pHecf-ventilatory response lines in a spomaiiL-ously breathing cat 
showing difTerent slopes (see table I) 
The main finding, however, of the present experiments is, that in peripherally 
chemodenervated cats, the ventilatory response following a change in medullary 
surface ecf pH, greatly depends on the origin (via Paco, o r v i a HCOfa) of this pH 
change. Stated differently: ventilation (or integrated phrenic activity) in these 
animals is not a single function of the ecf pH at the medullary surface. The same 
conclusion must be drawn from results reported recently by Shams et al. (1981), 
who used the same animal preparation and medullary pH measurement technique 
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Fig 6 Left Metabolic steady-state data points at three different P C o, levels in a spontaneously breathing 
cat In order to perform a 'fast' experiment (total duration 2$ h) only three steady-state points al 
each P
c o
, level are recorded Right Respiratory response line For statistics see tables 1 and 2. 
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as we did. Their results could be very well compatible with the present data: 
e.g., during acid infusion they found a decrease in ventilation with a decrease in 
PETCOJ, although medullary ecf pH remained constant. Our results were very 
reproducible: in each cat the slopes of the respiratory and metabolic response lines 
(which were not recorded in the same sequence in each animal) were different in 
the same direction; within the pH ranges measured, metabolic lines at higher 
constant P E T C O , always were shifted upwards compared with lines at a lower 
PETCO. · This consistency indicates that possible variations in the depth of anaesthesia 
probably had no significant influence on our main results (i.e., on the fact that the 
different response lines are not the same): in no cat opposite tendencies were 
observed; in addition in one cat a CO2 response curve was made both at the 
beginning and at the end of a 3i h lasting experiment: no difference was found 
between both lines. As said before, our results show that ventilation (or neural tidal 
volume) is not a single function of the medullary surface ecf pH. The crucial point 
is, whether the measured ecf pH changes at the medullary surface are representative 
for those occurring in the direct environment of the central chemoreceptors. Most 
importantly this holds for the magnitude of the steady-state pH changes. During 
every steady state, we were able to measure a stable ecf pH together with a stable 
ventilation (e.g., see fig. 1). It seems reasonable to assume that in these conditions 
(isocapnia, stable surface ecf pH, stable ventilation) also the ecf pH at the chemo-
receptor site was stable. This then should mean that in the extreme case only a 
steady-slate HCO," gradient could exist between the surface and the central chemo­
receptors. Theoretically, if such steady-state gradients of bicarbonate (and not 
of CO,) do exist, then a superimposition of the different response lines in a similar 
way as used by Fencl et al. (1966) could be found. However, such a procedure would 
be legitimate only if indeed ventilation is a single function of the H+ ion concen­
tration at the chemoreceptor site. We think, that steady-state bicarbonate gradients 
between the electrode and the central chemoreceptors are unlikely to exist and that 
- if they exist - they probably do not influence our main results: 
(1) From figs. 3-6 it is obvious that if the difference in average Paco, levels 
between 'metabolic' lines is large enough, the vertical distance between the lines is 
very large. This means that if superimposition of both lines at the chemoreceptor 
site would occur, the HCO, concentration gradients from the surface to the site 
cither at both or at least at one of the prevailing Paco, levels should be very large: 
several tens of mmol/L over a distance of perhaps a few hundred μτη. This is 
unlikely. 
(2) Let us assume the existence of HCO," gradients between the surface and the 
chemoreceptor site, and also that these gradients greatly determine the different 
response lines presented here. If we confine ourselves to the 'metabolic' lines, then 
it is clear that these gradients have to change with changing average Paco, levels. 
However, the slopes of the metabolic lines would not be influenced by these 
gradients: as shown in table 2, they are essentially the same. In this view then, the 
clear slope difference between the 'respiratory' and 'metabolic' lines unlikely is 
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caused by the changing HCO, gradients along the 'respiratory' lines, together with 
changing average Pa
c 0 , levels 
(3) As far as we know, there is no experimental evidence for the existence of a 
systematic steady-state pH gradient in the brain ecf in normal circumstances Cragg 
et al (1977) were not able to demonstrate such a gradient in cortex or medulla up 
to 5 mm below the surface A steady-state ionic disequilibrium between ecf and csf, 
however, cannot be excluded A csf - ecf HCOj" concentration gradient was 
demonstrated by Fencl el al (1979) in the steady state of high altitude acclimati­
zation in goats However, in the steady state of metabolic acidosis or alkalosis at 
sea level, they were not able to confirm this (Pappenheimer et al, 1965, Fencl 
étal, 1966) 
From the above arguments and from the available evidence in the literature, we 
do not see how we could argue a theoretical supenmposition of our different 
response lines at the chemoreceptor site This means that we are unable to confirm 
the concept that the H+ ion in the chemoreceptor ecf acts as the sole ventilatory 
stimulus 
An important difference between our 'respiratory' and 'metabolic' lines is that in 
the former case both [H + ] and P t o , change, while only [H ь ] in the latter This could 
be the cause of our experimental slope differences A distinct action of extra­
cellular H + and CO, could also explain the vertical difference between the 'metabolic' 
lines Another explanation could be a possible influence of complex formation 
between HCO," and free Ca2 + ions This possibility was suggested by Berkenbosch 
et al (1978) in explaining their inability to show a unique relation between ecf [H + ] 
and ventilation Indeed the slope of our isocapnic metabolic response lines could 
be depressed by changes in the free Ca2 + concentration which oppose the ventilatory 
effects of isocapnic pHecf changes Apparently, however, a difference in free [Ca2+ ] 
which (in case of complexes with HCO3" ) would exist at the same pH but at different 
P
c o
, (cf our metabolic response lines), does not influence the slope of the metabolic 
pHecf ventilatory response lines otherwise the slopes of these lines within cats 
should have been different Table 2 shows that this is not the case However, an 
influence of Ca2 + cannot be excluded From the present results it remains very 
tempting to speculate about distinctive roles for extracellular COj and H+ in the 
central chemosensory regulation of respiration However, any conclusion about 
this matter is difficult as long as the central chemoreceptors are not exactly localised 
and identified A suitable experimental approach would be to vary both species 
(H+ and CO.) in the ecf independently m a natural way, which in case of C0 2 is 
very difficult In the present experiments we have changed via the arterial blood -
medullary ecf [H+] independently of Pacu,, which we kept constant In this way we 
hoped to maintain medullary ecf PC U 2 at a constant level, which as shown by Ahmad 
et al (1976) is approximately true In several studies aiming at anatomical localisation 
of the central chemoreceptors, the uniqueness of the extracellular H+ ion as 
ventilatory stimulus has been a basic assumption (Pappenheimer et al, 1965, Fencl 
et al, 1966, Berndt et al, 1972, Berkenbosch et al, 1978) But in spite of this 
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common starting point, all these groups disagree about the exact location Another 
approach has been to apply dynamic CO, inhalation studies However, as suggested 
by Eldndge (1973), Bonson and McCarthy (1973) and recently by us (Teppema 
et al, 1982), interpretation of dynamics studies could be seriously complicated 
by a central respiratory neural circuitry with appreciable (slow) dynamics Never­
theless, Gelfand and Lambertscn (1973) translated their two central time constants 
physiologically into two distinct anatomical categories of central chemoreceptors 
- both responding to extracellular [H+] - one of which is protected by the blood-
brain barrier while the other (in area postrema) is not How could such an arrange­
ment be compatible with our results9 If the distinct 'not protected' category indeed 
exists, then it follows from our results that with Paco, changes it is of relatively small 
importance In addition, this category could be located equally well at or near the 
ventral medullary surface, as in the area postrema. If we assume that the other 
('protected') population also is located at the ventral medulla, then we have to 
assume very large specific differences in the local ecf pH regulation, resulting in 
very large pH gradients within the medulla. We are unaware of experimental data 
verifying this and we think that it is unlikely (for reasons given above) Consequently, 
we have to consider other possibilities-
(1) Perhaps the most simple solution could be found by attributing the identity 
of the adequate ventilatory stimulus to the intracellular pH (pHi) of the central 
chemoreceptors, or to another intracellular factor critically dependent on the pHi 
(see below) Additionally, a very limited permeability of a specialized chemoreceptor 
membrane for HCO, /H+ compared with C 0 2 , would cause a much smaller pHi 
change in case of an isocapnic metabolic extracellular pH disturbance, than in 
case of the same pHecf change via a change in Paco, The idea of pHi as the 
ventilatory stimulus, coupled with a selective permeability of a neuronal membrane 
has been suggested many years ago (see Leusen, 1954). A prerequisite for this 
possibility is that CO
:
 alone should be able to excite chemosensory neurones. At 
least this is not the case in snail neurones (Brown and Berman, 1970) and in some 
ventrolateral medullary neurones in vitro (Fukuda and Honda, 1975). 
(2) Another - complex - possibility would be the existence of separate H + and 
CO2 sensitive sensors within the (homogeneously perfused) medulla An involve­
ment ol both populations in the ventilatory response to a step change in Paco, could 
then give rise to a dual dynamic response On the basis of the equivocal and 
conflicting experimental data regarding the respiratory effects of ventriculo-cisternal 
perfusion and local medullary acid application (see Cragg et al, 1977), the H+ -sensi­
tive elements could be located at considerable distance (several hundreds of μτη) 
from the medullary surface 
(3) An independent, direct action of C0 2 The authors are unaware of experi­
mental data supporting this possibility 
In the past, different theories about the mechanism of central chemorcception 
have been proposed. Among these, a possible role of the ρ Η gradient across the 
chemoreceptor membrane can be recalled An intriguing possibility in connection 
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with this gradient is proposed by Reeves and Rahn (1979), who suggest that a critical 
factor for the acid base homeostasis might be found in the preservation of protein 
net charge (at stat regulation) 
The only safe conclusion, however, we can draw from the data presented here, 
is that we do not know how to explain our results by accepting the extracellular 
H+ ion in the medullary ccf as the sole ventilatory stimulus 
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C H A P T E R V 
EFFECTS OF METABOLIC ARTERIAL pH CHANGES ON MEDULLARY ecf pH, csf pH 
AND VENTILATION IN PERIPHERALLY CHEMODENERVATED CATS WITH INTACT BLOOD 
BRAIN BARRIER (by L.J.Teppema, P.W.J.A.Barts and J.A.M.Evers) 
SUMMARY 
Brain ecf and csf pH are regulated within narrow limits. In the 
present study we investigated whether - with an intact blood brain bar-
rier (bbb) - during acute (isocapnic) metabolic pH disturbances, brain 
ecf and csf pH changes occur in the same direction as plasma pH. Exper-
iments were performed in 4 ventilated, vagotomized, and in 17 spontane-
ously breathing cats. Medullary ecf pH and csf pH were measured with 
flat pH electrodes. Metabolic pH disturbances were induced by isocapnic 
intravenous infusions of HCl and NaHCO.,, and by non-isocapnic i.V. bolus 
injections of NaHCO... In all cats both sinus nerves were cut. We found 
that 1. During acute pH changes, medullary ecf pH changes rapidly in 
the same direction despite an intact bbb (no extravasation of Evans Blue); 
2. The time courses of the ecf and csf pH responses to a bolus injection 
of NaHCO, are quite different: after an initial short (< 10 sec) decrease, 
the ecf pH rapidly rises above control, whereas the csf pH shows a rapid 
and long lasting acidic response; 3. Ventilation showed a biphasic re-
sponse pattern to a NaHCO, bolus: an initial rise followed by a slow 
fall to about control level. It was argued that this response cannot be 
explained by the observed ecf or csf pH responses alone. 
Keywords: blood brain barrier cats 
central chemoreception ecf pH 
metabolic pH disturbances csf pH 
'Submitted for publication 
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The mechanism of the ventilatory compensation of acute arterial 
metabolic acid base disturbances depends on the dynamic changes which, 
under these conditions, occur in the chemical environment of the peri­
pheral and central chemoreceptors. The relative contribution of both 
categories of chemoreceptors is unknown (for a review see Dempsey and 
Forster, 19Θ2). With respect to the central chemoreceptors, it is im­
portant to know the dynamic behaviour of the pH (and possibly also the 
Ρ ) in the medullary extracellular fluid. The mechanism of the dynamic 
2 
pH changes during acute metabolic acid base disturbances is determin­
ed at least by five different factors: 1. the change in Ρ - __ ; 2. the 
ec L, c^ u« 
response of the cerebral blood flow; 3. - as far as exchange of bi­
carbonate between ecf and plasma is involved - the integrity of the blood 
brain barrier (bbb); 4. changes in ecf buffer base concentrations by ex­
change with glial cells (Ahmad and Loeschcke, 1982a); 5. changes in the 
ecf strong ion difference (SID) (Stewart, 1978). 
Important work in the field of blood brain barrier permeability to 
various ions such as bicarbonate has been done by Rapoport (1964, 1970, 
1971) . This author reported an acidic cortical ecf response in cats af­
ter an i.v. bolus of NaHCO , which was interpreted as indicative of a 
restriction of bicarbonate movement across the intact blood brain barrier. 
A similar cortical response in dogs was reported by Javahen et al. 
(1981). These results, however, are at variance with those of Cragg et 
al. (1977) who showed in cats a fast increase in cortical ecf pH follow­
ing an i.v. bolus of NaHCO . Cragg et al. (1977) did not test the in­
tegrity of the blood brain barrier. Recently, Ahmad and Loeschcke (1982b) 
measured a fast increase in medullary surface ecf pH in cats after in­
duction of an isocapnic metabolic alkalosis. The authors explained their 
findings in terms of a fast HCO /CI exchange across the blood brain bar­
rier, the integrity of which they did not test. The same medullary ecf 
pH response in cats has also been found by us (Teppema et al., 1983). In 
three out of the four animals of these earlier experiments we found no 
medullary extravasation of intravenously injected Evans Blue: according 
to the criteria applied by Rapoport (1970, 1971) and Rapoport et al. 
(1972) , this would mean that the blood brain barrier had remained intact. 
Finally, Javahen et al. (1981, the same study as cited above) in dogs, 
and Davies and Nolan (1982) in rabbits, also reported a relatively fast 
change of, respectively, cortical and medullary ecf pH in the same di-
-89-
rection as plasma pH during isocapnic metabolic pH disturbances. Sum-
marizing, it seems that there is no agreement among different authors 
at least with respect to the direction in which brain ecf pH changes 
after a metabolic alkalosis. In addition it is not clear whether or not 
changes in brain ecf pH which have the same direction as those in plasma 
pH are necessarily coupled with net transport of bicarbonate between 
plasma and brain ecf. 
Another important question which waits further elucidation is 
whether dynamic pH responses in csf can be considered representative 
for those in brain ecf. Because the brain csf and ecf spaces can be con-
sidered as separate compartments (with different characteristics with 
respect to blood flow, relation to plasma and buffering capacity), the 
possibility of different dynamic csf and ecf responses should be taken 
into consideration. Indeed, this is illustrated by the different re-
sponses of brain interstitial fluid and cerebrospinal fluid pH during 
acute isocapnic metabolic acidosis and alkalosis as found by Javaheri 
et al. (1981) and by Davies and Nolan (1982). 
The aim of the present study was to investigate the effects of 
metabolic acid base disturbances in cats and then to test the integrity 
of the blood brain barrier in the same animals. The dynamic medullary 
surface ecf pH responses were measured and, whenever possible, also the 
pH responses of the csf close to the central chemosensitive regions. In 
order to be able to evaluate the ventilatory responses (which were al-
ways measured) in relation to the simultaneously measured ecf pH and/or 
csf pH responses, all the cats were peripherally chemodenervated. We 
found that, despite a locally intact blood brain barrier, an i.v. bolus 
of NaHCO can cause a fast increase in medullary surface ecf pH, some-
times preceded by a short period of acidosis of a few sec; the csf pH 
response on the other hand shows an initial acidic response of several 
min, followed by a slow increase. Ventilation shows a biphasic response 
pattern: an increase followed by a slow decrease. Isocapnic pH dis-
burbances always were followed rapidly by medullary ecf pH changes in 
the same direction and by acute ventilatory responses. 
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METHODS 
Ammals and Instruments 
21 cats of either sex (weight 3.3 +_ 0.6, mean +_ SD) , premedicated 
with ketamine-HCl (25 mg i.m.), were anaesthetized with 1.5-2 ml 
chloralose-urethane (50 and 250 mg/ml respectively). When needed, 2-3 
additional doses of 0.25 ml were given during the operation procedures. 
The other administered drugs were atropine (0.25 mg, s . с ) , ampicillin 
(250 mg in saline, ι.v.) and, in order to lower the risk of brain edema, 
dexamethasone (5 rag in saline, i.v.). The trachea was cannulated and 
femoral arterial and venous catheters were inserted to monitor arterial 
blood pressure, to sample arterial blood, and to administer drugs intra­
venously. Rectal temperature was maintained at 38 C. In all cats both 
carotid sinus nerves were cut at their junctions with the glossopha­
ryngeal nerves. In order to expose the ventro-lateral medullary surface 
(in 16 animals), the upper trachea was removed and the dura mater was 
opened and reflected sidewards. The experiments were performed in 4 ar­
tificially ventilated, vagotomized and paralyzed (pancuronium bromide 
8 yg/min, i.v.) normoxic cats, and in 17 hyperoxic (P > 40 kPa, 
a,0« 
in order to eliminate the chemoreceptors of the aortic bodies), spon­
taneously breathing animals with intact vagi. Ventilatory activity in 
the artificially ventilated cats was estimated from the efferent activ­
ity of the left phrenic nerve which was cut below С . The efferent signal 
was amplified, rectified and integrated over 40 ms periods. Artificial 
ventilation in these animals was performed by a constant tidal volume 
ventilator in a closed respiratory circuit in which Ρ and Ρ 
ET,CO- ET,О 
could be maintained independently at any desired level (Smolders et al., 
1977). The 17 spontaneously breathing cats also were connected to this 
circuit, which was connected via a respiratory flow meter to a spiro­
meter. We used both artificially ventilated and spontaneously breathing 
cats because we wanted to check whether comparable effects on phrenic 
nerve activity and on ventilation could be obtained. 
Medullary surface ecf pH and/or csf pH were measured with combined 
glass electrodes with a flat pH sensitive surface (Ingold LOT 403-M5, 
12 0 = 5 mm). Two high impedance (> 10 Ω) pH meters were used (Knick 645 
and Radiometer pHm64). Calibration of the electrodes in vitro was car­
ried out with standard phosphate buffers at 37 C. Our technique of 
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medullary ecf pH measurement is described in more detail elsewhere 
(Teppema et al., 1982). In 9 cats csf pH was measured by positioning 
the electrode a few mm above the pial-arachnoidal surface, either at 
the same location at which the surface ecf pH had been measured, or 
at another location. In that case ecf pH and csf pH were measured si­
multaneously. In order to limit heat loss from the brain and to minim­
ize CO» diffusion into the air, the medullary surface was covered with 
liquid agar (1.5%) in saline of 40 C. 
In the 14 animals in which we wished to judge the integrity of the 
bbb, at the termination of the experiment Evans Blue (0.02 g/ml, 2 ml/kg) 
was injected intravenously.Ten minutes after the injection,the degree of 
superficial medullary extravasation of the Evans Blue-albumin complex was 
evaluated (Rapoport, 1972) . 
Metabolie acidosis and alkalosis 
Isocapnic - by adjusting the level of inspiratory Ρ (Smolders et 
2 
al., 1977) - metabolic acidosis and alkalosis were induced by i.V. in­
fusion of isotonic 0.15 N HCl (2.0 ml/min) and 1 M NaHCO (1.0 ml/mm) 
respectively. The duration of each infusion was about 5 m m ; between two 
infusions at least 15 min elapsed. Bolus injections of NaHCO were car­
ried out by infusing (i.v.) a volume of 4 ml 1 M NaHCO within 5-10 sec. 
During the acid-base experiments, arterial blood samples were analysed 
at regular intervals. 
In 15 animals the effects of pH perturbations on ecf pH and/or 
csf pH, together with the effect on ventilation, were measured; in 12 
of these cats the Evans Blue experiment was carried out (see table 1); 
furthermore, in 7 of the 15 animals we compared the ventilatory effects 
before and after opening the dura. In 5 other cats we studied the ven­
tilatory effects of metabolic pH disturbances only when the dura was 
intact; however, in one of these animals we did the Evans Blue experi­
ment (cat nr. 921 in table 1). One cat (cat nr. 930, table 1) was not 
subjected to acid base disturbances; in this animal only the degree of 
medullary extravasation of the Evans Blue-albumin complex was studied. 
The following signals were recorded on a polygraph and on magnetic 
tape: tracheal air flow, respiratory Ρ and Ρ , medullary ecf pH 
2 2 
and/or csf pH, tidal volume (spirometer signal) or phrenic nerve activ­
ity and arterial blood pressure. 
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RESULTS 
General 
Apart from the effects of bolus injections of bicarbonate (which was 
the principal aim of this study), we also studied the effects of isocapnic 
HCl and NaHCO, infusions on ecf pH and ventilation (in 12 cats). The re-
sponses agreed perfectly with those in our previous experiments (Teppema 
et al., 1983) and are therefore not described extensively here. In the 
seven cats subjected to metabolic acid-base disturbances both before and 
after opening the dura, we found qualitatively the same ventilatory re-
sponse patterns m both conditions. Apparently, exposure of the medullary 
surface per se does not change the ventilatory responses after pH dis-
turbances . 
Effects of -intravenous 4 mMol NaHCO bolus bnjeotbons on eof pH, asf pH 
and ventilatzon. 
a. ecf pH 
The effects of 24 intravenous injections of 4 nMol NaHCO., on medullary 
surface ecf pH were measured in 11 animals. In 18 cases an initial fall 
(0.01-0.03 of a pH unit; in one case 0.05 pH unit) of short duration (< 
30 s) was followed by a rise m ecf pH which was so large and fast, that 
1-2 min after the start of the initial acidosis, ecf pH was 0.02-0.08 of 
a pH unit above the pre-infusion value (see figs. 1 and 3). In six cases 
the increase in ecf pH was not preceded by a decrease. 
b. csf pH 
In 7 out of the 11 animals in which the ecf pH response was measured, 
the effect on csf pH was also determined (20 injections).In four cats (12 
injections) this csf pH response was obtained by moving the pH electrode 
vertically just far enough to adjust its position a few mm above the me-
dullary surface. In this way we were able to measure both the ecf and 
csf pH responses at the same location. The important difference was that 
in the former (ecf) case the electrode was in direct contact with the 
medullary surface and in the latter (csf) case there was a csf layer of 
a few mm between the surface and the electrode. Figs. 1 and 2 show a re-
presentative result of such an experiment. In 3 cats the ecf and csf pH 
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Figure 1. Effect of a bolus injection of 4 mM ЫаНСОз in cat 933 on ven­
tilation and ι of pH (sinus nerve cut in this cat). Arrow: start of bolus 
injection. (Cat was breathing spontaneously). 
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Figure 2. Effect of a 4 raM NaHCO, bolus on ventilation and csf pH in 
the same cat as in fiqure 1. 
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Figure 3. Effect of a bolus injection of 4 mM NaHCCK in a spontaneously 
breathing cat (cut sinus nerves) on ventilation, ecf pH and csf pH. The 
ecf and csf pH responses were measured simultaneously with two electrodes. 
Again, as in figures 1 and 2 both responses are different. At the arrow, 
the bolus injection is started. Note that the onset of the csf acid pH 
change is considerably delayed from that of ecf (csf and ecf are different 
compartments). Note that both pH scales are reversed compared with figures 
1 and 2. 
responses were measured simultaneously by recording from two electrodes 
at different locations (one of which was on the surface, and the other 
above it). A typical result of such an experiment is shown in fig.3. 
In 16 cases, csf pH showed an initial fast decrease of hundredths of 
pH units, followed by a slow return (7-10 min) to the control value, or 
to 0.001-0.015 of a pH unit above it. In four cases, the time course of 
the second phase of the csf pH response was faster, but was always pre­
ceded by an acidic response of at least two min. The final alkaline csf 
pH changes, judged about 7-10 min after the end of the bolus injections 
were, if present, always much smaller than the alkaline ecf pH changes 
at any moment during this period. 
In summary, the initial dynamic ecf and csf pH responses are dif­
ferent: eaf pH, mostly after a short period (< 30 s) of acidosis, in­
creases within 0.2-1.5 min above the pre-infusion value, and stays 
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alkaline for at least 5-10 min. The initial asf response on the other 
hand, namely an acidosis which is larger than that in the ecf, is follow-
ed slowly (within 7-10 min) by a return to the control pH. The exact time 
courses of both responses of course partly depended on the time course of 
P__ „„ ; however, a clear difference in dynamic csf and ecf response pat-
terns always was present. We can make no inferences as to the time which 
is needed before a new steady state between ecf and csf is reached: the 
present measurements extended only to about 10 min after the end of the 
injection. 
As can be seen in figs. 2 and 3, our OSf pH responses are much like 
the cortical ecf pH responses in the presence of an intact blood brain 
barrier, which were reported by Rapoport (1964, 1970, 1971). Our ecf pH 
responses on the contrary, are very similar to the responses obtained by 
this author after osmotically damaging the blood bram barrier. We mea-
sured in two cats the ecf and csf pH responses after damaging the blood 
brain barrier with 2.7m NaCl (Rapoport, 1970): in both cats an increase 
in asf pH was found (and not an acidosis as in control) and an increase 
in ecf pH which was much faster and greater than in control (intact bbb) 
conditions. 
c. Ventilation 
We measured the effect of i.v. injections of 4 ml 1 M NaHCO.. on 
phrenic nerve activity in the four artificially ventilated cats and the 
effect on ventilation in 13 spontaneously breathing animals. Of a total 
of 44 bolus injections, 27 caused an initial slight increase in ventila-
tory activity (as in figs.1 and 2) followed by a decrease to about con-
trol level. In seven cases a large (>> 20%) initial increase in venti-
lation was followed by a slow decrease to the pre-infusion activity and 
in four cases by a decrease clearly below control activity. In six cases 
an initial very short-lasting (< 10 s) decrease (c.q. cessation of ven-
tilatory activity) was followed bv an increase to a level above control 
activity and a return to about this level respectively. 
Intravenously injected Evans Blue 
Because of the similarity of our medullary surface ecf pH responses 
to the cortical ecf pH responses of Rapoport (see above) after damaging 
the bbb, it seemed worthwhile to investigate whether or not the Evans 
Blue albumin complex would extravasate into the superficial medullary 
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Т а Ы е 1. Summary of the Evans Blue experiments in 14 cats. In the third 
column is shown in which cats combined results were obtained, i.e. ecf 
and/or csf responses together with the Evans Blue experiments. The degree 
of extravasation is judged according to the criteria of Rapoport (1970, 
1971). ". Cats in which ventilatory resoonses were measured also before 
opening the dura. *: After flushing the medullary surface with 2.7m NaCl. 
Cat Number of areas at Obtained pH responses 
nr. medullary surface with to 
extravasation (grade) 
Degree of 
extravasation at 
electrode site 
921" 0 
922" 1 : + 
1 : ++ 
isocapnic HCl (ecf) 
isocapnic NaHCO, (ecf) 
925" 1 : + isocapnic HCl, NaHCO, (ecf) 
bolus NaHCO (csf) 
926" isocapnic HCl, NaHCO- (ecf) 
bolus NaHCO (ecf) 
0 2 sites of 
0 measurement 
927" 
1 : + 
isocapnic HCl, NaHCO (ecf) + 3 sites 
0 of mea-
0 sûrement 
928" isocapnic HCl, NaHCO (ecf) 
bolus NaHCO- (ecf + csf) 
0 3 sites 
0 of mea-
0 sûrement 
929 isocapnic HCl, NaHCO (ecf) 0 2 sites of 
0 measurement 
930 
931 
932 
0 
1 . + bolus NaHCO (ecf) 
1 : + isocapnic HCl, NaHCO (ecf) 
bolus NaHCO (ecf + csf) 
0 2 sites of 
0 measurement 
933 bolus NaHCO (ecf + csf) 0 2 sites of 
0 measurement 
934 isocapnic lactate, bolus 
lactate, bolus NaHCO-
(ecf + csf) 
0 2 sites of 
0 measurement 
935 0/++ isocapnic HCl, NaHCO, 
bolus NaHCO (ecf + csf) 
0/++* 
936 bolus NaHCO- (ecf + csf) 
before and after 2.7m NaCl 
treatment 
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Figure 4a. Ventral medullary surface of cat nr 933 (table 1) after a 
series of ecf pH measurements and 10 min after i.v. injection of Evans 
Blue (2 ml/kg). No extravasation is visible (x5). 
Figure 4b. Ventral medullary surface cat nr 936 after flushing it with 
2.7 m NaCl. Injection of Evans Blue now results in extensive blue stain-
ing (dark background) of the medullary tissue, especially around small 
vessels (arrows) (x5). 
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tissue. Table 1 summarizes the observed grade of extravasation in 14 
animals (in 12 of which we had obtained ecf and csf pH responses). In 
7 cats in which we obtained ecf and csf pH responses as described above, 
we observed no extravasation at all (figs. 4a and c). In 2 cats (nrs 921 
and 930) no extravasation was found, but also no pH measurements were 
performed. In 3 cats (nrs 925, 931, 932) at a few locations a slight de-
gree (grade +, Rapoport et al., 1972) of blue staining of the tissue was 
observed but not at the previous locations of the electrode. In 2 cats 
(nrs 922 and 927) extravasation (grade +) at the electrode site was ob-
served, but in one of these cats (nr 927) blue staining did not occur at 
two other locations from which also pH responses were obtained. 
Flushing the medullary surface with 2.7m NaCl led to intensive blue 
staining (grade ++, illustrated by fig. 4b) and to dramatic changes in 
the observed csf and ecf pH response patterns in the two investigated 
cases (cats 935 and 936, see table 1). 
Figure 4c. Detail of ventral medullary surface cat nr 934. The previous 
position of the electrode was within the light area, left. 10 min after 
Evans Blue injection, the small vessels remain in good contrast with the 
tissue (x8). 
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DISCUSSION 
The limitations of the present medullary surface ecf pH measurement 
technique are the following 1) by placing the electrode upon the pial-
arachnoidal surface it is impossible to measure ъп the ecf, at best we 
measured the pH of a fluid which is in one compartment with ecf and is 
separated fron esf, 2) because we do not know the exact location of the 
central chemoreceptors, we also do not know whether or not the pH measur­
ed is representative for the chemoreceptor ecf pH. This is only the case 
if there is no HCO gradient from the surface ecf to the chemoreceptor 
ecf (see Teppema et al., 1983). 
ее f and as f pH responses, integrity of the blood brain barrier 
The present results indicate that dynamo (not steady state) ecf 
and csf pH responses differ, at least after a non-isocapmc bicarbonate 
injection. Different dynamic responses during acute isocapnic metabolic 
pH perturbations were reported by Javahen et al. (1981) and by Davies 
and Nolan (1982). Of course these different csf and ecf pH dynamics are 
a complicating factor in clinical studies of metabolic acid-base dis­
orders. 
Relatively fast ecf pH changes after isocapnic metabolic acidosis and 
alkalosis have been reported previously by Ahmad et al. (1978), Ahmad and 
Loeschcke (1982b), Cragg et al. (1977) and Teppema et al. (1983) in cats, 
by Javahen et al. (1981) in dogs, and by Davies and Nolan (1982) m rabbits. 
If the degree of Evans Blue-albumin extravasation in the brain ecf is a 
correct measure of bbb integrity at least with respect to permeability to 
HCO, ions (Rapoport et al., 1972), then we conclude from the present data 
(table 1) that the fast ecf pH responses occur despite an intact bbb. So, 
either HCO transport takes place across the intact bbb, or the ecf pH 
changes are mediated by other mechanisms, or both. 
We have no explanation for the difference in medullary ecf pH re­
sponse after an i.v. bolus of NaHCO found by us and the cortical ecf pH 
response found by Rapoport (1964, 1970, 1971), and also by Javahen et al. 
(1981). However, because of the striking similarity between our csf pH 
responses and those in cortical ecf of Rapoport, we cannot evade the ques­
tion whether or not the measurenents of Rapoport could perhaps have been 
contaminated by simultaneous opposite changes in csf pH. The reason for 
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this might be that because of the normally occurring considerable res-
piratory brain movements, the flat electrode used by this author might 
have lost direct contact with the brain surface, as the electrode weight 
only just balanced by a counter weight (Rapoport, 1964). In order to 
avoid this, the electrodes in our experiments always applied a force of 
1-2 g on the measuring area (Teppema et al., 1982). Ahmad et al. (1978) 
and Ahmad and Loeschcke (1982b) measured fast isocapnic cortical ecf pH 
responses after i.v. NaHCO , much alike the medullary responses reported 
here; therefore, putative local differences in bbb structure of cortex 
and medulla probably do not cause the above discrepancy. The important 
question remains as to which mechanisms are responsible for the observed 
ecf and csf pH responses. According to the present results in cats with 
an intact bbb, during acute metabolic pH disturbances brain ecf pH rap-
idly changes in the same direction as plasma pH. This does not prove in-
volvement of HCO transport, however, from recent data of Johnson et al. 
11 — (1983) in dogs, infusion off c]C0„-HC0- (with or without previous 
acetazolamide treatment) is followed by rapid transport of CO as well 
as HCO to the brain. As suggested by Ahmad and Loeschcke (1982b), the 
HCO transport could be carrier mediated, and coupled with Cl exchange. 
As demonstrated by Stewart (1978) (recently reviewed by Nattie, 1983), 
changes in ecf strong ion difference (SID) - c.q. changes in ecf [Cl ] 
and probably ecf [Na ] which certainly occur by infusing HCl or NaHCO -
surely contribute to the ecf pH changes reported here. The difference 
between the csf and ecf pH responses could also be linked with different 
amounts of weak acids (which influence the pH) in the csf and ecf com-
partments respectively. 
Ventilatory responses 
It would be attractive to be able to relate the present ventilatory 
responses uniquely to either the simultaneously measured ecf pH or the 
csf pH. Therefore we consider the ecf and csf pH responses separately. 
a. Ventilatory responses in relation to ecf pH changes. 
Since Pappenheimer's and Loeschcke's (Pappenheimer et al., 1965, 
Fencl et al., 1966, Loeschcke, 1973) studies, it is generally accepted 
that steady state V, at least in peripherally chemodenervated animals, is 
a unique function of the central chemoreceptor ecf pH. However, our pre-
vious steady state results are hard to reconcile with this concept (chap-
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ter IV). Of course the dynamic responses reported here can not be extra­
polated to steady state situations. The present responses, however, have 
aspects which indicate that V is not a unique function of ecf [H ]. To 
explain this, we first have to make clear why we believe to have measured 
ecf pH changes which are representative for those occurring in the chemo-
receptor ecf. In steady state situations indeed this seems to be the case, 
because otherwise, for reasons given previously (Teppema et al., 1983), 
we would have to assume improbably large HCO gradients (tens of mMol/1) 
within distances as short as 0-500 urn. By measuring dynarric surface ecf 
pH responses we believe also to measure dynamic chemoreceptor ecf pH re­
sponses: if our previous point of view of a homogeneously perfused medul­
la is correct (Teppema et al., 1982) and if metabolically induced ecf pH 
changes are coupled with transport processes everywhere across the brain 
capillary endothelium, then this assumption is not unreasonable. Taking 
this into account, and for the moment accepting [H ] as the unique stim­
ulus, we would then have the following situation: 1) ventilation is a 
unique function of ecf pH, and 2) we are able to measure this ecf pH in 
steady state as well as in dynamic situations. In dynamic situations then 
- as in the present experiments - we only could 'miss' a unique ecf [H ]-
-V relationship - as we indeed do - because of slow dynamics of the con­
trol system, V changes lagging behind simultaneously measured ecf pH 
changes. 
Previously, by relating respiratory ecf pH changes to ventilatory 
changes, we have found such dynamics (Teppema et al., 1982). Because in 
the present experiments Ρ was not kept constant (leading to the 
initial ecf acidosis), we should expect this to influence the results. 
However, the central time constant we found (^  50 s) is much too low to 
account for our present observation that in all cases, ten minutes after 
the bicarbonate bolus injection (eight min after the initial ecf acidosis) 
V was around control level, whereas ecf pH was 0.03-0.08 pH unit above 
control. To us this is an indication that V is not a unique function of 
chemoreceptor ecf pH. Other indications that V did not follow ecf pH 
changes uniquely were: 1) the initial phase of increasing V was always 
present, whereas in 25% of the bolus bicarbonate injections, the initial 
decrease in ecf pH was not; 2) in seven cases, when ΔΡ was large, 
ET,CO . ч 
we observed a complex paradoxical response: a large increase in V simul­
taneously with an increase in ecf pH as large as 0.05 pH units. 
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In summary, in our view the present dynamic responses are difficult 
to reconcile with the concept of a unique relation - even in steady state 
situations - between V and medullary ecf pH. 
In agreement with our previous steady state results (Teppema et al., 
19Θ3) it might be argued that besides Δ[Η ] ecf, in the present exper­
iments another changing stimulus profoundly influenced chemoreceptor 
activity. Candidates which should be considered are ecf Ρ and csf pH : 
both might have changed in a direction which tended to oppose the inhib­
itory ventilatory action of an increasing ecf pH. In the present exper­
iments, ?__ __ and consequently probably also Ρ _ „ indeed increased 
ET,CO. ^ * * 1 ecf,CO 
after an i.v. bolus injection of NaHCO , and stayed well above (some­
times as much as 1 kPa) control level during considerable time. Of course 
this is no evidence of a separate action of CO but it would be intriguing 
to (be able to) investigate this possibility. The other candidate, csf pH, 
which indeed decreased m the initial phase of the response, is discussed 
below. A third possibility, direct involvement of the intracellular chemo­
receptor pH has been discussed previously (Teppema et al., 1983). 
b. Ventilatory changes in relation to csf pH changes. 
From the present experiments the impression could arise that (after 
an i.v. bolus NaHCO,) V accurately followed the csf pH changes. However, 
accurate inspection of our results revealed that in many cases (e.g. 
see fig. 3) the initial increase in V started prior to the onset of the 
csf acidosis; in addition the onset of the ventilatory response some­
times was a decrease (c.q. cessation) while csf pH decreased. 
Furthermore, as in the initial phase of the response csf pH decreased 
several hundredths of a pH unit but V did not increase dramatically in 
most cases, we would have to assume a very low Δν/ΔρΗ , much lower 
than currently assumed (see Leusen, 1972). 
In summary, from the responses in the present experiments after the 
NaHCO, bolus injections, it seems not justified to attribute the venti­
latory responses solely to the dynamic surface ecf or csf pH responses, 
or conversely to predict ventilatory activity from ecf or csf pH values. 
At least, one should consider the possibility that the central chemore-
ceptors, by their superficial location in the ecf space close to the csf, 
are able to 'see' both ecf and csf pH changes. Area S (Schlaefke et al., 
1970) could act as an integrator, eventually mediating net changes in 
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afferent chemoreceptor activity, which m case of ι.v. bolus injections 
bicarbonate are hard to predict (because of the different dynamic ecf and 
csf pH responses). 
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C H A P T E R VI 
GENERAL DISCUSSION 
Arterial blood gas oscillations 
In I960, Yamamoto and Edwards suggested that the arterial blood gas 
oscillations might provide a ventilatory stimulus, acting independently 
of mean Ρ and pH . Since then, many investigators have looked for 
a,cu_ a 
a role of these oscillations in exercise ventilation. There is general 
agreement that an action of the blood gas oscillations should involve the 
peripheral chemosensors. Milhorn et al. (1983), however, recently meas­
ured in cats medullary surface pH oscillations synchronous with artificial 
ventilation. In chapters III, IV and V, this finding was not confirmed. 
Cunningham (1975), Black et al. (1971), and Black and Torrance (1973) 
reported evidence in favour of an influence of the phase relationship of 
the arterial blood gas oscillations to the ongoing respiratory cycle. 
Increasing mean ventilatory output in this way requires a change in phase 
coupling between the blood gas oscillations and ventilation. Petersen et 
al. (1978) and Plaas-Lmk (1980) showed that during exercise this indeed 
could happen. The results of chapter II show that if the blood gas os­
cillations are large enough, the phase relationship indeed partly de­
termines the timing and amplitude of a phrenic burst. In addition, it 
was proposed that an increased central state of excitation, as during 
hypoxia, might facilitate this effect. This might also be of significance 
during exercise. Phase-locking between the artificial ventilation and 
phrenic nerve activity could not be demonstrated consistently, probably 
because of too low oscillation amplitudes. This does not mean, however, 
that the phase relationships would be insignificant: they still can act 
breath by breath, without affecting mean ventilatory output, e.g. minute 
ventilation. From the data in chapter II, an increase in mean phrenic 
output due to an increase m oscillation amplitude can not be proved, 
nor rejected. To investigate this question satisfactorily, the effects 
of different amplitudes should be judged at the same mean Ρ
 r n
 . Venti-
а
л
 LU * 
lating a cat with different (lower) frequencies to obtain larger Ρ 
A, CO« 
oscillation amplitudes, will lead to a lower mean Ρ if Ρ 
а,CO- ET,CO-
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is kept constant. When this is taken into account, it can not be con­
cluded from table 1 (chapter II) that larger oscillation amplitudes would 
be unable to increase mean phrenic output. The failure of Folgering et al. 
(1978) to show such an increase might be explained by the fact that in 
their experiments Ρ was kept constant. Also Hornbein (1965) and 
ET,CO„ 
Fenner and Berndt (1970) could not show any influence of the oscillation 
(amplitude) on mean ventilation. Dutton et al. (1968), however, showed 
that when Ρ was oscillating, steady state ventilation was higher than 
a,CO_ 
with a non-oscillating Ρ of the same mean value. They explained their 
findings in terms of a unidirectional rate sensitivity of the carotid bo­
dies. The rising slope of the Ρ oscillations is linearly related to 
a, CO 
V (Saunders, 1980). Thus, rate sensitivity of the carotid bodies could 
provide a link between metabolism and ventilation. Recent observations of 
Band et al. (1980), Cross et al. (1982) Phillipso,i et al. (19Э1) and 
Plaas-Link (1980) demonstrate that the respiratory control system might 
use this m exercise ventilation. 
Besides the rate sensitivity of the peripheral chemosensors, a sen­
sitivity of the central neuronal pool to the rate of change of carotid 
sinus nerve discharge might be of additional significance (Nye et al., 
1981; Vis and Folgering, 1981). This will be subject of future investi­
gations. 
Medullary surface eaf pH measurements 
In chapters III, IV and V, the medullary surface ecf pH measurement 
technique was used to obtain insight into changes in central chemosensory 
stimulus level during acid base disturbances. Of course this technique, 
like others, suffers from interpretation problems. Thus it is impossible 
to perform measurements in ecf. At best a fluid is measured which, under 
well controlled circumstances, forms one compartment with ecf. In ad­
dition, by cutting the dura, the arachnoidal membrane falls back on the 
pial surface. This means that the original dimensions of the cerebro­
spinal fluid space are disturbed. It is hard to imagine what consequences 
this could have on exchange processes between ecf and csf. In relation to 
this, it can be noted that in chapter V it was found that opening the 
dura does not influence ventilatory responses to acid base changes. In 
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addition, the pH measurements per se are unaffected by removing the dura, 
because pH changes are measured which occur рггтаггіу гп the bratn tissue 
and not in csf. In some respects, however, the medullary surface ecf pH 
measurement technique deserves to be preferred above other techniques : 
1) As argued in chapter III, a macro-electrode probably provides a better 
impression of the integrated output from the central chemosensors, 
than does a micro-electrode; 
2) In the interpretation of the data, only measured quantities are involv­
ed. This means that the reliability of the results only depends on the 
assumption that the measured pH equals ecf pH, and thus does not depend 
on any theoretical model, the validity of which can be doubted. For 
example. Pappenheimer et al. (1965) and Fencl et al. (1966), in their 
ventriculocisternal perfusion experiments, showed a unique relation­
ship between ventilation and a calculated ecf pH. To calculate this pH, 
the authors needed several assumptions. The most important of these was 
that ventricular csf [HCO,] equals [НСО ] in freshly secreted csf. 
The data in the literature on this point, however, are equivocal. 
Bledsoe et al. (1983) showed that the results from the ventriculocist­
ernal perfusion technique highly depend on the assumed ventricular csf 
[HCO,]. The authors doubted whether the technique can be used to ac­
curately estimate ecf [H ]; 
3) It is unnecessary to penetrate the brain parenchyma. The use of micro-
electrodes with tips much larger than the narrow (200 A) intercellular 
channels, inevitably must lead to tissue damage. This is illustrated 
by the results of Cragg et al. (1977) , who reported frequently occur­
ring brain edema. Recently, Javahen et al. (1983b), using micro-
electrodes, reported remarkably low ecf pH values in dogs (as low as 
7.067 in normal conditions and 7.116 during metabolic alkalosis). In 
normal steady state conditions these authors reported a csf-ecf pH 
gradient as large as 0.279 DH units. 
Arterial acid base imbalance y medullary ecf and csf pH regulation, central 
chemosensitivity and ventilatory control 
The relationship between acid-base regulation, medullary ecf and 
csf pH, central chemosensitivity and ventilation is one of the most com-
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plex problems of respiratory physiology. The following factors contribute 
to this complexity: 
1. the central chemosensors have not been localized exactly; 
2. the adequate stimulus of the central chemosensors is unknown, as are 
their dynamic characteristics ; 
3. information about dynamic changes in chemical composition of medullary 
ecf during acid base disturbances is scarcely available; 
4. acid-base homeostasis in ecf and csf is a complex process, governed 
partly by processes which are poorly understood. 
Chapters III, IV and V have addressed these questions. 
Functional location of the central chemosensovs; dynamic ecf pH changes 
The starting point of chapter III was to see whether measuring Ρ 
A ,CO„ 
step changes, simultaneously with measuring both the associated changes 
in medullary ecf pH and those in ventilatory output, could enable us to 
assess the functional location of the central chemosensors. The results, 
however, indicate that this is impossible. In the first place it can be 
argued that the central chemosensors are perfused homogeneously because 
of the very high vascularity of these areas (Lierse, 1961, Cragg et al., 
1977). Secondly, in normal conditions cerebral gas exchange is perfusion 
and not diffusion limited (Ohta and Farhi, 1979; Vis, 1981). This means 
that diffusion distances relative to the arterial blood or to the csf 
are not important. An additional reason why the functional location of the 
central chemosensors cannot be elucidated with dynamic studies (as those 
of chapter II) is the existence of a central respiratory neuronal network 
with slow dynamics. This means that transient ventilatory changes are not 
a unique function of the simultaneously occurring changes in chemical 
drive. 
Central ecf pH and controller dynamics 
The central time constant (τ_: pH _ •+ V_ ) found in chapter III 
2 r ecf T,N 
was 50 s. Tfte pH , time constant (τ, P__ „„ -»- pH _) was about 40 s 
ecf 1 ET,CO- ecf 
and thus in the same order of magnitude. The overall neural tidal volume 
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time constant (τ,: Ρ •* V ) was about 80 s, so that τ and τ 
probably are equally important in determing ventilatory dynamics. 
To describe the dynamic central· neural tidal volume response, a 
fast response component was introduced. The response was described by: 
Δ ν
τ ( Ν
+ Tdf Δ Υ Ν - 9Ι Δ Ρ Η + ь â Δ ρ Η · 
In physiological terms this means that the central chemosensors could 
sense the rate of ecf pH changes. In view of the reported intrinsic low 
firing rate of central chemosensitive units (Schlaefke, 1981) , it would 
be intriguing to investigate a unidirectional rate sensitivity of the 
central chemosensors (as with the peripheral chemosensors). 
Another possibility in relation to the fast response component is, 
that it originates from the central neuronal pool. In this respect it is 
interesting to note that the central processing of input from the carotid 
sinus nerves might exhibit a fast component (Vis and Folgering, 1981). 
Brain stem extracellular fluid acid base homeostasis. The role of the 
blood brain barrier 
An important finding in chapters IV and V was that fast medullary 
ecf pH changes, induced by non-respiratory pH changes can easily be 
demonstrated, even with an intact blood brain barrier. From chapter V it 
can be concluded that: 
1. either HCO transport takes place across the intact blood brain barrier; 
2. or the observed ecf pH changes are caused by other mechanisms; 
3. or both. 
The key question is, how ecf pH is regulated under different experimental 
conditions. According to Stewart's (1978, 1983) concept of acid base 
regulation, [H ] and [HCO,] in ecf are dependent variables which can only 
be influenced by changes in independent variables. The two important in­
dependent variables in ecf are the Ρ and the Strong Ion Difference 
(SID), which is defined as the net unbalanced positive charge of the 
+ + 2+ 2+ — + 
strong ions (Na , К , Ca , Mg , Cl ). In other words: ecf [H ] and 
[HCO ] are determined only by the ecf Ρ and by the SID. The tradition­
al Henderson-Hasselbalch equation represents a correct quantitative 
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relationship between [H ], [НСО ] and the Ρ , but does not give in­
sight into what determines these parameters (Stewart, 19Θ3) . According 
to this concept, [H ] in biological solutions does not depend in a direct 
causal Way on [HCO ]. Consequently, exchange of bicarbonate, for example 
between plasma and extracellular fluid, does not cause pH changes in both 
compartments, as long as carbonic anhydrase is present. Therefore, it can 
be questioned to what extent the permeability of the bbb for bicarbonate 
per se is relevant to medullary ecf pH regulation. As said, the SID is an 
important determinant of ecf [H ]. Therefore, the specific bbb permeabil­
ity characteristics in relation to strong ions such as Na , К , Ca , 
2+ 
Mg and Cl are more relevant. 
Application of the Stewart concept to the results of chapter V would 
have the following consequences: 
1) The observed ecf pH changes do not show to which extent 
bicarbonate transport across the intact bbb is involved (or should be 
excluded) in these changes. Consequently, these results are not neces­
sarily conflicting with a postulated relative impermeability of the 
bbb for bicarbonate ions (Rapoport 1964; 1971; 1976); 
2) To understand the observed ecf pH responses, we should have insight 
into what happens with the concentrations of strong ions. In partic­
ular this holds for isocapnic ecf pH changes, because then the SID 
would be the only parameter which determines ecf [H ]. 
In summary, the results of chapter V, together with data from the litera­
ture, indicate that other mechanisms than HCO, transport across the bbb 
alone can account for non-respiratory induced medullary ecf pH changes. 
Different ecf and csf pH dynamics 
There remains one important discrepancy between the results of 
chapter V and those of Rapoport (1964; 1971) and Javaheri et al. (1981; 
1983a) : the cortical ecf pH responses, after an i.v. injection of NaHCO.,, 
reported by these authors are very similar to the csf responses in chap­
ter V. As a possible cause we suggest that, given the different dynamics 
of csf and ecf pH changes, the ecf measurements of the aforementioned 
authors could be contaminated by changes in csf. If this were the case, 
the validity of the so-called Rapoport test used by Javaheri et al. (1981; 
\ 
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1983a)to test bbb integrity, would be highly questionable. 
Different ecf and csf pH dynamics in acute and chronic acid base 
disturbances are well-known phenomena (Dempsey and Forster, 19Θ2). 
Chapter V showed that these different ecf and csf dynamics are visible 
already at a very early stage of acute acid base disturbances. Changes 
in mecullary ecf pH, induced by metabolic pH changes, are very fast 
(seconds) and not slow as assumed by many authors. 
How to explain the different ecf and csf response dynamics? 
The cerebrospinal fluid has no 'cerebral' blood flow: the fluid in the 
subarachnoidal space does not come into close contact with the brain 
capillary system. Direct exchange of substances between csf and blood 
vessels traversing the subarachnoidal space does not seem to take place 
(Brightman, 1965; Wright, 1971). 
The chemosensitive areas in the medullary tissue, however, have a 
very rich blood supply (Cragg et al., 1977; Schlaefke, 1981). The brain 
capillary endothelium with its tight junctions forms the structural base 
of the blood brain barrier. At the bbb, several poorly understood trans­
port mechanisms operate, which account for exchange of constituents be­
tween ecf and plasma and vice versa (Rapoport, 1976; Goldstein and Betz, 
1983). It is therefore conceivable that changes in ecf pH, induced by 
primary changes in pH , will precede those in csf. This agrees with the 
concept of Pappenheimer et al. (1965), and with experimental data of 
many others (references: Dempsey and Forster, 1981; Nattie, 1983). 
The relation between ecf and csf is complex and poorly understood. 
The ecf volume is much smaller than that of csf. The equilibration rate 
between csf and ecf depends on the substances involved, and on the in­
volvement of diffusion processes (e.g. across the bbb) and/or bulk flow 
convection. From the different ecf and csf responses of chapter V, no 
conclusions can be drawn as to the equilibration rate between ecf and 
csf. Even in steady state situations, HCO. gradients between ecf and csf 
have been reported (Fencl et al., 1979; Leusen et al., 1983; Dempsey and 
Forster, 1982). The results of chapter V, together with evidence in the 
literature, indicate that it is very hazardous to assume that the chemic­
al composition of csf is equal to that of ecf. This holds for any tran­
sient situation, and possibly even for several steady state conditions. 
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Central ahemosensitivCty and ventilatory control 
The frequently reported paradoxical csf pH changes during acute 
metabolic pH disturbances and their corrections, led Mitchell (1966) to 
suggest that these would oppose the ventilatory effects mediated via the 
carotid bodies. This would explain the slow ventilatory adaptations in 
these conditions. However, the central chemosensor environment is ecf, 
not csf. In addition, in transient situations, csf pH changes never are 
identical to those in ecf. 
Pappenheimer et al. (1965,- Fencl et al., 1966) attributed the slou 
(24 hr) return of ventilation towards normal upon acute correction of a 
metabolic acidosis to a slow increase in ecf pH. However, according to 
the data of chapter V, the rise in ecf pH after an i.v. injection of bi­
carbonate is fast, not slow. As figs. 1-3 in chapter V show, this is true 
despite a concomitant considerable rise in Ρ . After acute correction 
ET, CO 
of a metabolic acidosis in humans and in several animal species by means 
of a bicarbonate injection, Ρ also rises, but not as dramatically as 
in fig. 3, chapter V. This rise in Ρ is caused by the decrease in 
a ,C0-
ventilation due to the rise in plasma pH. It seems reasonable to suggest 
that in awake animals and humans, as in anaesthetized cats, ecf pH in­
creases rapidly upon acute correction of a metabolic acidosis. How to 
explain then the slow return of ventilation towards normal? Until now, 
nobody has found a single stimulus which could account for this ventila­
tory behaviour. This might be caused by only paying attention to ecf [H ] 
and by overseeing other possible central cheraosensory stimuli. 
In relation to this, the interesting findings of chapter IV might 
be relevant. In this chapter it was shown that in peripherally chemo-
denervated cats, respiratory ecf pH changes give rise to greater ventila­
tory responses than metabolic ecf pH changes. Apparently, the controlling 
system discriminates between respiratory and metabolic central acid base 
disturbances. This might involve a separate action of ecf Ρ and ecf 
+ 2 
[H ]: in chapter IV it was also found that at a given ecf pH, ventilation 
was higher at higher Ρ „ levels. Recent data of Shams et al. (1981; 
see also Loeschcke, 1982) in cats, Fukuda (1983) in rats, and Dempsey et 
al. (1982; 1983) in humans, also indicate a possible separate action of 
ecf Ρ and [H ]. Thus, evidence is accumulating that in several exper­
imental conditions and in various physiological circumstances, medullary 
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ecf H can no longer be accepted as the sole central ventilatory stimulus 
(Berlcenbosch et al., 1978,- Kiwull-Schône and Kiwull, 1983; Loeschcke, 
1982; Dempsey and Forster, 1982; Dempsey et al., 1983; Bledsoe and Horn-
bein, 1981). 
The slope difference between the respiratory and metabolic response 
lines (chapter IV) might be explained by a separate action of extracel-
lular C0_. However, it might also be related to a different SID behaviour 
in both conditions. A given ecf pH change due to an isocapnic NaHCO in-
jection inevitably must be coupled with a greater change in SID than the 
same ecf pH change due to a change in Ρ .It is well known that changes 
+ + 2+ 2+ a» c op 
in csf[Na Ц К Ц с а ]and[Mg ]affect ventilation (Leusen, 1972). 
Therefore, future investigations should pay attention to concomitant 
changes in strong ion concentrations. The ecf and csf strong cation con­
centrations, however, seem to be well regulated under various conditions 
of acid base imbalance (Leusen, 1972; Nattie, 1983). There­
fore, special attention should be directed to the CI concentration. In 
relation to this, important stimulating work has been done by Ahmad and 
Loeschcke (1982 a and b ) ; Frankel and Kazemi (1983), Kazemi et al. (1983), 
Nattie et al. (1980), Nattie and Birchard (1983), Nattie and Reeder (1983) 
and Vogh and Maren (1975). All these authors have shown that csf and ecf 
[CI ] varies considerably under acid base disturbances. 
The eventual purpose of all processes involved in anion and cation 
regulation might be the conservation of net intracellular protein charge. 
Regulation of the intracellular pH could serve this aim as well. Reeves 
and Rahn (1979) suggested that this could be a crucial factor in central 
chemoreception ('α stat regulation'). So, not the extracellular fluid pH 
would be the critical regulated factor, but the intracellular pH, and by 
this the protein net charge. The results in chapters IV and V could be 
considered in this way too: 
1) It was shown that medullary ecf pH (during isocapnia) can change con­
siderably. In view of these enormous ecf pH deviations from 'control' 
and of the relatively small ventilatory changes they elicit, one may 
wonder whether the ecf pH really acts as the sole chemosensory stim­
ulus; 
2) If the chemosensor membrane would possess special permeability charac­
teristics, a critical regulation of intracellular pH could be recon­
ciled with separate effects of extracellular CO_ and н . 
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Returning now to the continued hyperventilation during acute cor­
rection of a metabolic acidosis. Could the results of chapter IV shed 
more light on this phenomenon7 It would be highly interesting to inter­
pret this ventilatory response not only in relation to ecf [н ] changes, 
but also to the time pattern of Ρ . When a chronic non-respiratory 
a,CO„ 
acidosis has been corrected, Ρ increases. This rise in Ρ „ could 
a,C02 a,C02 
oppose the inhibitory ventilatory action of decreasing plasma and ecf 
[H ]. During the steady state of a non-respiratory acidosis, the ven­
tilatory control system operates at higher gain, resulting in a lower 
Ρ _„ . The metabolic changes concomitant with chronic acid base im-
a,C02 
balance develop only slowly (Dempsey and Forster, 19Θ2, for references). 
Upon acute correction, restoration of the 'control' gain of the respira­
tory system will proceed slowly, because it is probably associated with 
the slowly evolving metabolic (intracellular pH') adaptations. 
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S U M M A R Y 
The time p a t t e r n of the v e n t i l a t o r v resoonse t o changes in Ρ 
a,C02 
and pH depend on the dynamic chemical changes in chemosensor environ­
ments in these conditions and on the dynamic features of the respiratory 
sys tem. 
In this thesis, some of these chemical changes, as well as some of 
the dynamic and steady state characteristics of the peripheral and cen­
tral chemosensors were investigated. In addition, the dynamics of cen­
tral processing of the input from the central chemosensors was a subject 
of investigation. All experiments were performed in anaesthetized cats, 
either breathing spontaneously, or artificially ventilated. 
The aim of the experiments of chapter II was to investigate whether 
the phase relationship between the arterial blood gas oscillations and 
the respiratory cycle influences ventilatory output, c.q. phrenic nerve 
activity. It was found that if the oscillations are large enough, this 
phase relationship indeed influences the amplitude and timing of a 
phrenic burst. In moderate hypoxia this effect of the phase relationship 
was visible more clearly than in normoxia. The ventilatory control sys­
tem might use this effect of the phase relationship in certain physiol­
ogical circumstances, e.g. exercise. 
In chapter III, experiments are described in which, after step 
changes in Ρ , dynamic changes in medullary ecf pH were measured 
ET , CO,-
together with the associated changes in phrenic nerve activity. The ecf 
pH response was described by ΔρΗ + Tj — ΔρΗ = д^ Δ Ρ ^
 c o
 + g2ÛPET CO ' 
In cats with intact sinus nerves, τ. (Ρ „„ •+ pH ) after a P__ __ 
1 ET,CO r ecf ET,CO 
downstep, was 35 s* after a Ρ upstep, 45 s was found. The differ-
ET,CO» 
enee was significant. In peripherally chemodenervated animals, we found 
no significant difference in mean time constants after an up- or down-
step (44 and 40 s respectively). It was argued that the ecf pH responses 
measured are perfusion and not diffusion limited. 
In chapter III, we also determined the dynamic central ventilatory 
response to medullary ecf pH changes in peripherally chemodenervated 
cats. The resoonse was described by: Δν„ „ + τ. -τ— Δν„ „ = g,.ΔρΗ „ + 
-
 J
 Τ,Ν 2 dt Τ,Ν ^3 r ecf 
g . — ΔρΗ . To describe the response adequately, a fast component was 
introduced. T-tpH „ •* V„ ..) was 50 s. 2 ecf T,N 
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Fmally, in chapter III the overall central dynamic ventilatory response 
(without peripheral comoonent) to Ρ step changes was determined. 
The response fitted best to the following equation· 
d 2 Δν + τ — Δν = g ΔΡ + α .ΔΡ 
Τ,Ν 3 dt Τ,Ν 45 ET,CO y6 ET,CO 
The overall central time constant τ, (Ρ ->- V ) was 112 s (mode) . 
3 ET,CO Τ,Ν 
From the results in chaoter III, it was concluded that ecf DH 
dynamics and thus the perfusion of the central chemosensitive areas, and 
the dynamic characteristics of the central respiratory neurone network 
are about equally important m determining the central ventilatory re-
SDonse after a step change m Ρ 
ET, CO 
The aim of the experiments in chapter IV was to compare in peri­
pherally chemodenervated cats, the steady state ventilatory responses 
elicited either by Ρ changes or by pH changes. When these responses 
a, CO a 
were related to the simultaneously measured ecf pH changes, it appeared 
that respiratory induced ecf pH changes elicit much stronger ventilatory 
responses than do comparable ecf pH changes of metabolic origin. In 
addition, it was shown that at higher constant Ρ , the V-ecf pH re-
a ,CO„ 
sponse lines were parallelv shifted responses conpared with those at 
lower Ρ . Tnese results were discussed in relation to a possible 
a,CO 
separate action of the extracellular Ρ and pH on the central chemo-
sensor environment. It was concluded that with the pH measurement tech­
nique used, it is impossible to show a unique relationship between medul­
lary ecf pH and ventilation. 
In chapter V it was shown that primary disturbances m the arterial 
pH, for example by a fast intravenous bicarbonate injection, rapidly 
(within seconds) lead to changes in medullary ecf pH in the same di­
rection. This occurs despite the presence of an intact blood brain bar­
rier, the integrity of which was tested by estimating the degree of 
extravasation of intravenously injected Evans Blue. We also found dif­
ferent dynamic ecf and csf pH responses after an i.v. injection of bi­
carbonate. 
From the results in chapter V it was concluded that it is not suf­
ficient to relate the reported medullary metabolic ecf pH changes only 
to a DUtative transport of bicarbonate ions across the blood brain bar­
rier. Instead, more attention should be payed to the strong ion differ­
ence behaviour, because this parameter, besides the ecf Ρ , is the 
2 — 
only important independent factor which determines the Η and HCO, 
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ion concentrations in the medullary extracellular fluid. Consequently, 
the bbb permeability characteristics to stronq ions (Na , К , Ca , Mg , 
Cl ) mav be more important than those to H or HCO,. 
It was also concluded in chapter V that at least in the transient 
phase of metabolic arterial acid base disturbances, the chemical com­
position of ecf and csf in no case are identical. 
To understand the ventilatovi) response to a bolus injection of bi­
carbonate (chapter V), it would be useful to pay attention to the be­
haviour of the Ρ „ (and Ρ . „ ): Based on the results of chapter IV, 
a,C02 ecf,C02 
the possibility was suggested that both extracellular medullary C0_ and 
Η might act as independent central chemosensory stimuli. 
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SAMENVATTING 
De ademhaling dient om de weefsels van voldoende zuurstof te voorzien 
en om hun belangrijkste afvalprodukt, CO , af te voeren. 
De longventilatie is een gecompliceerd proces, dat uiteindelijk tot 
doel heeft de artenele P„ (P ) en Ρ (Ρ ) en indirekt de pH 
2 a' 2 2 a' C 02 (pH ) op de gewenste nivo's te houden. In Het regelsysteem spelen de ahe-
mosensoren een zeer belangrijke rol omdat zij de zuur-base status van het 
lichaam kunnen meten en via zenuwbanen aan de ademcentra kunnen doorgeven. 
Er zijn twee categorieën van chemosensoren: 
1) De perifere chemosensoren, gelegen in het glomus caroticum. Zij zijn 
gevoelig voor veranderingen in de Ρ , Ρ en pH . De toename van 
а,О. a,CO_ a 
de ventilatie onder hypoxische omstandigheden komt geheel tot stand via 
de perifere chemosensoren. Zij spelen verder een rol bij de toename in 
ventilatie bij een verhoging in Ρ .De funktie van het glomus caro-
a,CO ^ 
ticum bij de ventilatoire compensatie van een metabole acidóse (verho-
ging van de ventilatie) of alkalose (geeft een verlaging in ventilatie) 
is omstreden. De perifere chemosensoren hebben een grote dynamische ge-
voeligheid, vooral voor Ρ -veranderingen. Dit betekent onder andere 
dat zij de 'respiratoire' subtiele Ρ -schommelingen die ontstaan 
a, CO„ 
door het ritmische karakter van de ademhaling, gemakkelijk kunnen vol­
gen. Het oscillerende tijdsverloop van de Ρ is mogelijk van belang 
voor de ademregulatie; 
2) Centrale chemosensoren. Deze liggen aan, of vlak onder het ventrolate-
rale oppervlak van het verlengde merg. Hun exacte anatomische locatie 
is niet bekend. Naar tot nog toe wordt aangenomen, zijn zij alleen spe­
cifiek gevoelig voor pH-verandenngen in hun direkte omgeving. Tot zeer 
recent nam men aan dat de bloed kersen barriere verhindert dat arte­
n e l e pH-verandenngen doordringen in het extracellulaire milieu van 
de centrale chemosensoren. Ρ -veranderingen daarentegen, daar is 
a,CO 
men het over eens,dringen snel door tot dit milieu, omdat CO. gemakke­
lijk door biologische membranen heen diffundeert. De centrale chemo­
sensoren hebben een belangrijke funktie bij de toename in ventilatie 
als gevolg van Ρ -verhogingen. Hun rol bij de ventilatoire compen-
a, CO« 
satie van metabole zuur-base verstoringen staat ter diskussie. 
De dynamische en steady state eigenschappen van de perifere en een-
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trale chemosensoren, alsmede de wijze van verwerking van hun output door 
de ademcentra, bepalen voor een belangrijk gedeelte het tijdspatroon van 
de ventilatoire responsies op Ρ en pH veranderingen. In dit proef-
SL/CO. a 
schrift zijn enkele van die eigenschappen en wel van de perifere en cen­
trale chemosensoren, alsook van de ademcentra, onderzocht. De experimen­
ten werden uitgevoerd in genarcotiseerde katten, die al naar gelang wen­
selijk was, kunstmatig werden beademd. 
De experimenten in hoofdstuk II waren bedoeld om na te gaan in hoe­
verre de faserelatie tussen de bloedgasoscillaties en het centrale respi­
ratoire ritme van belang is bij de bepaling van de ventilatoire output. 
Dit bleek inderdaad het geval, op voorwaarde dat de oscillaties groot ge­
noeg waren. Dit effekt is te danken enerzijds aan het feit dat de perifere 
chemosensoren de Ρ oscillaties kunnen volgen, en anderzijds door de 
a,C(v 
eigenschap van de ademcentra dat het effekt van een afferente stimulus op 
de ventilatie afhangt van het tijdstip binnen de respiratoire cyclus waar­
op de stimulus valt. Tijdens hypoxie was het effekt van de faserelatie nog 
duidelijker. Deze bevindingen hebben mogelijk consequenties voor de adem-
regulatie tijdens inspanning, wanneer de oscillaties groter zijn dan nor­
maal, en tijdens ademhaling op grote hoogte of andere chronisch hypoxische 
omstandigheden. 
In hoofdstuk III werd onderzocht hoe snel de extracellulaire pH (ecf 
pH) aan het ventrolateral hersenstamoppervlak verandert, als gevolg van 
snelle Ρ -veranderingen. De ecf pH respons kon als volgt beschreven 
ET,CO_ 
worden: ΔρΗ + τ. — ΔοΗ _ = g, .ΔΡ
Τ
,„ „„ + д-.ДР . In katten met 
^ ecf 1 dt - ecf M ET,CO. 2 ET,CO. 
intacte sinuszenuwen bedroeg de tijdconstante, т. pH , voor afstappen 
in Ρ 35 s en voor opstappen 45 s. Het verschil tussen beide T'S was 
ET, CO. 
significant. In perifeer gedenerveerde katten (sektie van X en IX), ver­
schilden de tijdconstanten voor op- en afstappen niPt.-r. pH bedroeg in 
deze situatie ongeveer 40 s. De pH tijdconstante zoals gevonden in hoofd­
stuk III, is hoogstwaarschijnlijk alleen perfusie-beperkt, zodat zij alleen 
bepaald wordt door de respons van de doorbloeding van de ventrolaterale 
medulla oblongata. 
In hoofdstuk III bepaalden we ook de dynamische respons van het cen­
trale gedeelte van het ademhalingsregelsysteem op veranderingen in input 
vanuit de centrale chemosensoren. Dit was mogelijk door de katten perifeer 
te denerveren (sektie van X en IX), en door tegelijk met de ecf pH, ook 
de aktiviteit van de nervus phrenicus te meten. De centrale ventilatoire 
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respons liet zich als volgt beschrijven: 
d d 
Τ,Ν 2 dt Τ,Ν 3 ^ ecf ^4 dt r ecf 
De bijbehorende centrale tijdconstante T_ bedroeg 50s. De formule laat 
de introduktie van een fasische component zien. Het blijkt ook dat het 
centrale respiratoire neuronale netwerk niet instantaan reageert op een 
verandering in (centraal) stimulus nivo, maar opereert met een zekere 
traagheid. 
Tot slot werd in hoofdstuk III nog de 'overall' dynamica van het 
regelsysteem (zonder perifere component) bepaald, met de gemeten Ρ 
als input en de piek-phrenicusaktiviteit (V ) als output. De respons 
Τ f N 
kon worden beschreven met: 
Л
 Т,Ы
 + T3 df A VT,N * g5- A PET,C0 2
 +
 V A P E T , C 0 2 
De overall centrale tijdconstante τ bedroeg 112 s. 
De overall centrale tijdconstante τ (Ρ •* V ) hangt dus niet 
alleen af van de doorbloedings-respons van de ventrolaterale medulla 
oblongata, maar ook van de dynamische (of: vertragende) eigenschappen van 
de ademcentra. Deze konklusie kunnen we trekken omdat we vonden dat τ 
(Ρ •* pH ) en τ. (pH _ •+ V_ ) ongeveer even groot zijn. 
ET,CO r ecf 2 ^ ecf T,N ч ч 
In hoofdstuk IV vergeleken we de steady state ventilatoire responsen 
als gevolg van ecf pH-veranderingen die aangebracht waren, ofwel via 
Ρ -verstoringen ('respiratoir'), ofwel via Ъ80оссрт.зе1ге pH -verande-
a,CO_ а 
ringen ('metabool'). De perifere chemosensoren waren uitgeschakeld. Het 
bleek dat de gevoeligheid van de centrale chemosensoren voor 'respira­
toire' ecf pH-veranderingen veel groter was dan voor 'metabole' versto­
ringen. Bovendien bleek dat de isocapnische V-ecf pH responslijnen hoger 
lagen, naarmate de (konstante) Ρ hoger was. De hellingen van deze 
lijnen verschilden niet. Deze resultaten suggereren duidelijk een effekt 
van de Ρ op de centrale chemoreceptie, onafhankelijk van een ef-
ect, \~\jry 
fekt van de ecf pH. 
De belangrijke bevinding dat de extracellulaire pH in de hersenstam 
snel verandert bij een primaire verstoring in de arteriele pH, stond reeds 
vermeld in hoofdstuk IV en werd verder uitgewerkt in hoofdstuk V. In dit 
hoofdstuk staat beschreven hoe gemakkelijk reproduceerbaar deze bevinding 
is, ondanks de aanwezigheid van een intakte bloed hersen barriere. Boven­
dien vonden we duidelijke aanwijzingen voor verschillen in dynamische pH 
responsies in de extracellulaire vloeistof en in de liquor cerebrospina-
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lis, na een akute metabole pH verstoring, c.q. een bolus in^ektie bi-
carbonaat. Dit wi]st erop dat in transiente situaties de samenstelling 
van de liquor cerebrospinalis in geen geval representatief is voor die 
van de extracellulaire hersenvloeistof. 
Het gedrag van de ventilatie na een - niet isocapnische - intrave­
neuze bolusinjektie van bicarbonaat, liet zich noch verklaren uit de 
csf pH respons, noch uit de ecf pH respons. Hoogstwaarschijnlijk speelt 
een onafhankelijk effekt van de Ρ „ mee. Deze veronderstelling komt 
ecf,CO 
overeen met de vermoedens, geuit naar aanleiding van de steady state re­
sultaten uit hoofdstuk IV. 
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S T E L L I N G E N 
I. 
De faserelatie tussen de bloedgasoscillaties en de centrale respiratoire 
neuronale activiteit is, wanneer deze oscillaties groot genoeg zijn, van 
belang voor de bepaling van de ventilatoire output. 
(Dit proefschrift) 
II. 
De dynamica van de centrale ventilatoire respons op veranderingen in de 
Pa QQ wordt zowel bepaald door de respons van de doorbloeding van de 
ventrolaterale medulla oblongata, als door de snelheid waarmee het adem-
centrum de informatie vanuit de centrale chemosensoren verwerkt. 
(Dit proefschrift) 
III. 
Continue pH-meting aan het ventrale hersenstamoppervlak met 'vlakke' pH-
electroden is de beste thans beschikbare methode om pH-verandenngen in 
het extracellulaire milieu van de centrale chemosensoren te meten. 
(Dit proefschrift) 
IV. 
De bevinding dat in katten, waarbi] de perifere chemosensoren zijn uitge-
schakeld, de ventilatoire respons op veranderingen in de extracellulaire 
pH van de ventrolaterale medulla oblongata als gevolg van veranderingen 
in de arteriêle Peo·? veel groter is dan de respons op eenzelfde verande-
ring in de médullaire pH teweeggebracht door een isocapnaemische verande-
ring in de arteriale pH, pleit sterk tegen de heersende opvatting dat de 
H+-ionenconcentratie de belangrijkste prikkel vormt voor de centrale chemo-
sensoren. 
(Dit proefechrvft) 
V. 
Voor de bestudering van de zuur-base status van de medulla oblongata ter 
identificatie van de adequate stimulus voor de centrale chemosensoren,is 
het belangrijker om de doorlaatbaarheid van de bloedhersenbarrière voor 
sterke ionen te bestuderen dan die voor waterstof- en bicarbonaationen. 
(E.E.Nattee, J.AppL.Physbol. 54: 3-12, 1983; Dit proefschrift) 
VI. 
De bestaande kwantitatieve relatie tussen de concentraties van waterstof-
en bicarbonaationen en de partiële CO2 druk in biologische oplossingen, 
wordt in de medische literatuur ten onrechte als de Henderson-Hasselbalch 
vergelijking aangeduid. 
VII. 
De Henderson-Hasselbalch vergelijking, toegepast op de koolzuur/bicarbonaat 
buffer m biologische oplossingen, geeft geen enkel inzicht in de factoren 
die de pH en de bicarbonaatconcentratie bepalen. 
(P.A.Stewart, Can.J.Physvol.Pharmacol. 61: 1444-1461, 1983) 
Vili. 
Het narcotiseren van patiënten dient, althans in Nederland, ten alle ti]de 
onder supervisie van een lijfelijk aanwezige anaesthesist(e) te geschieden. 
IX. 
Het verschijnsel van lange wachttijden in winkels op zaterdagmiddag is niet 
te rijmen met het huidige grote aanbod van winkelpersoneel, en zal er uit-
eindelijk toe leiden dat de bereidheid van de klant om zichzelf te helpen, 
toeneemt. 
X. 
De praktijk bewijst dat op universiteiten arbeidstijdverkorting met behoud 
van volledig salaris zeer goed realiseerbaar is. 
XI. 
Een verplicht jaarlijks examen fysiologie voor huisartsen en tandartsen zou 
de kwaliteit van de gezondheidszorg zeker ten goede komen. 
XII. 
Het is betreurenswaardig dat onderzoekers zo weinig animo tonen aan weten-
schapsvoor lichting te doen. 
XIII. 
Publicatie van een aantal artikelen in een gerenommeerd vaktijdschrift zou 
het schrijven van een proefschrift overbodig moeten maken. 
Nijmegen, 24 mei 1984 L.J. Teppema 
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